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ABSTRACT 


Three EOR processes were evaluated for potential application in the 
Shannon reservoir at Naval Petroleum Reserve No. 3, in the Teapot Dome 
Oilfield near Casper, Wyoming. This reservoir is estimated to have 
originally held 180 million barrels of oil, of which only 8 million barrels are 
recoverable by primary means. Simplified computer models were used to 
predict the performance of in-situ combustion, polymer flooding, and steam 
flooding. Economic analuses were done on the results of these predictions 
and sensitivity studies were performed for various physical and economic 


parameters. 


This report provides a foundation of information, offers a template 
for economic decisions, and makes preliminary recommendations based on 
performance predictions. Before field-wide application of any project is 
undertaken, a better characterization of the reservoir must be accomplished, 
and pilot projects evaluated. However, this analysis suggests that the most 
favorable application in the Shannon Sandstone is polymer flooding operated 
on 2.5-acre spacing. This technique is predicted to give a net present value 
of $5.43 million per 10-acre unit with a present value ratio of 9.4 for its 


four year economic life. 
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1. INTRODUCTION 

The purpose of this report is to evaluate and compare the potential 
for each of three enhanced oil recovery (EOR) processes in the Shannon 
formation at Naval Petroleum Reserve No. 3 (NPR-3), located on the 
southwestern margin of the Powder River basin in Wyoming. EOR is receiving 
Significant emphasis in many reservoirs as conventional methods are 
becoming unfruitful. Such is the case at NPR-3 where the Shannon formation 
is estimated to have originally contained 180 million barrels of oi] (MMbb1), of 
which 5.5 MMbbI have been produced to date and only a total of 8 MMbb! are 
predicted to be recoverable by conventional means. The Department of Energy 
(DOE) operates NPR-3 and is currently evaluating various EOR applications as 


well as conducting two pilot tests. 


“Most applications are high in cost and technically complex, requiring 
the analysis of many physical and economic factors before a decision is made 
as to whether or not to proceed with a particular technology. In order to 
adequately determine the effect of these many factors, it is often necessary 
to predict the performance of a process under varying physical and economic 
conditions. To accomplish this for the Shannon formation, computer models 
developed at The University of Texas at Austin were used to predict the 
performance of in-situ combustion, polymer flooding and steam flooding. 
Economic analyses were performed through the use of a microcomputer 


spreadsheet model. 





2. BACKGROUND 

2.1 Field History | | 

NPR-3, located as shown in Fig, 2.1, was established in 1915 in the 
Teapot Dome oil field by an executive order from President Wilson, in order to 
provide the Navy a source of fuel as ships were converted from coal to 
petroleum power. After transfer of administration of the NPR’s to the 
Department of Interior, and the subsequent Teapot Dome Scandal, NPR-3 was 
shut in from 1927 to 1958. At that time, it was re-activated to protect 
against drainage by adjacent operators. Full-scale oilfield operations began 
when in response to the Arab oil embargo, Congress passed the Production Act 
of 1976, which granted the Department of Energy (DOE) authority to produce 


oll frorn the NPR’s at the “maximum efficent rate’. 
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Fig. 2.1. Location of Naval Petroleum Reserve No. 3. 
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Teole 2!) Physical Properties of the Shannon Formation 


Reservoir Properties | __ S 


i 
Producing Formation Shannon Sendstone 
Average Deptn, ft 4 299 
OOIP, MMbbDI : 180 

2 65 

70 

i 76 

: 97 


Average Tempersture, °F 
Average Pressure, ps18 
Average Net Pay, ft 
Averége Gross Pay, ft 


Rock Properties 


Porosity, fraction 


Permeability, md * 

Permeability Variatian 

Fluid Properties 

Initial Water Saturation, fraction 
irreducible Water Saturation, fraction* 
Initial Oil Seturation, fraction 
Irreducible Ot] Sétursetion, fraction 
Initial Gas Saturation. fraction 

AP! Gravity, °AP! 

Oil Viscosity, cp @ 65°F 

Formation Water Salinity, ppm TOS 
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Formation Weter Hardness, ppm Ca/Mg 





* See Text 





Classified as a stripper field, NPR-3 generates revenues of over $35 
million per year, while operating on an annual budget of nearly $22 million, 
resulting in an approximate annual net cash flow to the U. S. Treasury of $12 
million. Presently, NPR-3 produces approximately 1.1MMbb1 of oil annually at 
arate of over 3000 barrels of oil per day (BOPD) from its 10 producing 
formations. Oi] and natural gas produced from NPR-3 is sold on the open 
market. No state, local, or federal taxes are levied on the production. Figure 
2.2 iS a partial depiction of the geologic column at NPR-3 which shows the 
relative positions of the producing formations. The richest and most 
productive zones are the Shannon and the Second Wall Creek formations, both 


of which yield approximately 1000 BOPD. 
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Fig 2.2. A simple cross-sectional view of the producing 
formations at NPR-3. The shallowest wells are completed 
in the Shannon at an average depth of 550 feet, whi:e the 
average depth of a Tensleep well is 5500 feet. 





2.2 Reservoir Description _ af 

An understanding of deposition, diagenesis, and the resulting 
physical properties of a reservoir and its fluids is necessary when oil 
production is being evaluated or future performance is being predicted. Most 
reservoir engineering computations are based to some extent on assumptions 
and/or approximations. How valid these are often can only be ascertained 
with an appreciation for the character of a reservoir, such as its bedding 
characteristics, fault planes, or areal variations in fluid properties. 
Therefore, it was felt to be useful to characterize the Shannon from the 


Standpoint of geology and physical properties. 


2.2.1 Geology 

The Shannon formation was deposited in late Cretaceous time as an 
offshore bar on the western flank of the Cretaceous interior seaway. Figure 
2.5 1S areconstruction of the Cretaceous environment, showing that the sand 
bodies were “situated at the top of a progradational shelf sequence composed 
mainly of offshore mud deposits” [Spearing (1976)]. Parker (1960)states that 
shannon sands were deposited 50-200 miles from shore. Boyles and Scott 
(1982) suggest that water depths were 200-400 feet. Sand ridges migrated 
southward as discrete bodies in response to storm waves and oceanic or tidal 
currents, Causing layer upon layer of Sand sheets to build up. Spearing 
proposes that this was analogous to present-day “sand ribbons” in the North 
Sea. During fair weather, shale laminae were formed between sand sheets as 
suspension clays were deposited. As sand bodies built vertically, bed forms 


changed from ripples to Sand waves and cross beds, due to the higher-energy 
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Fig. 2.3. A reconstruction of the environment present when the 
shannon formation was deposited in late Cretaceous time. Sand 
ridges migrated in a southerly direction and built upon one 
another. The progradational marine shales which made up shelf 


deposits were both source rock and seal [after Spearing (1976)]. 





environment. Consequently, the Shannon is typically composed of two similar 
Sand sequences, or benches, Separated by a silty shale. Spearing describes 
these two facies aS an upper sequence which is a cross-bedded sandstone, and 
a lower Sequence which is a thin-bedded sandstone. With progradation, the 
Sand bars were encased in organic-rich marine shale which acted as both a 


source rock and seal, forming a Stratigraphic trap. 


Neither of the two sand benches iS homogeneous or isotropic. 
Spearing describes the lower thin-bedded sandstone facies as containing 
individual sand beds which are 2-50 cm thick, rippled and burrowed, and 
Separated from each other by thin suspension clay layers. These layers may 
be afew millimeters or several centimeters thick. In places, this facies is 
broken by cross-Sstratified sand beds containing clay chips and rounded clay 
clasts. Spearing states that the upper cross-bedded facies is capped by 
Durrowed, glauconitic cross-stratified beds containing clay clasts up to 8 cm 
in diameter. The individual sand beds are 5-65 cm thick and commonly 
Separated by clay streaks. Three cross-bed types, a low-angle cross-bed, a 
tabular cross-bed, and a trough cross-bed, respectively, occur in vertical 
succession. Sandy patches are also present, which are separated from other 


Sands by muddy areas. 


AS previously discussed and shown in Fig. 2.2, the Shannon formation 
is encased in the Steele Shale, which was its source rock and seal. Figure 2.4 
illustrates the areal extent of the Shannon formation at NPR-3. After 


deposition and the progradation which covered the Cretaceous seaway, the 
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area was subjected to tectonic stresses’ which formed the anticlinal 
Structure which, in part, exists today at NPR-3. This anticline is the same 
Structure upon which the mammoth Salt Creek field is situated. Tensional 
stresses placed on the structure as beds were stretched along the anticlinal 
axis induced faulting and fracturing, adding to the complexity of the 


reservoir. 





Fig. 2.4. A map of NPR-3 showing the general areal extent of 
the Shannon formation. Note that the eastern portion of the 
reservoir extends into the adjacent East Teapot field. 


2.2.2 Physical Properties 
While awareness of deposition and diagenesis can give a qualitative 
understanding of reservoir behavior, it is necessary to accurately define its 


character in terms of permeability, porosity, bed thickness, fluid saturations, 
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and other parameters. ThiS does not mean that these parameters exist as 
Singular values but rather these properties may be described in terms of 
field-wide trends or possibly aS average properties belonging to a particular 
“Zone” of the reservoir. The reservoir study of the Shannon sandstone at the 
Hartzog Draw field, just north of NPR-3, is an example of such a description. 
In this study, Hearns, et al. (1984) mapped “reservoir flow units” for the 
Shannon formation in order to “..more precisely describe variations in rock 
properties that control fluid flow.” Such a comprehensive study has not been 
accomplished to date at NPR-3. However, much data is available with which 


to describe at least average properties of the Shannon reservoir. 


Table 2.1 summarizes the physical properties of the Shannon 
formation, listing average values taken primarily from recent work done by 
Scientific Software Corporation (SSC) (1977), and Core Laboratories, Inc. 
(Core Labs) (1978, 1979) for the DOE at NPR-3. In the course of their work, 
SOC characterized the Shannon using a three-dimensional model made up of 
eight “pools”. Core Labs continued to use this model as a tool as they 
collected numerous data on the Shannon formation. While many NPR-3 
documents refer to average properties of the Shannon considering all eight 
pools, this report uses average properties for the area that SSC designated as 
“Pool 2”, which is shown in Fig. 2.5. This area was chosen as being 
representative of the portions of the formation which would potentially be 
exploited for EOR, since it has an estimated 1!OMMbb1 (out of the estimated 
180 MMbb] total) of oil in place, and has generally more favorable properties 


than do the other areas. 


ae 


The Shannon formation is a shallow, low-pressure reservoir 
300-700 feet in depth. Considering the two benches together, the Shannon 
formation in Pool No. 2 has a gross thickness of approximately 97 feet, with 
het pay thickness averaging 76 feet. It has an average porosity of about 20%, 
and its permeability ranges from 0.1 to 1000 md. Both Curry (1977) and the 
DOE (1983)report an average permeability of 200 md. However, Core Labs has 
reported an average air permeability of 63.5 md [Core Labs (Oct. 1978)] and a 
Dykstra-Parsons permeability variation [as described by Caudle (1968)] of 
0.90. Although not apparent from reports by Core Labs, it is assumed that the 
values were for the entire field) The value of 200 md was more 
representative of Pool no. 2, aS waS a more conservative Dykstra-Parsons 
coefficient of 0.8. Where appropriate in this report, Sensitivity analysis is 
performed on permeability variation. According to a report by 
Lawrence-Allison and Associates, West (LAW) (1984), DOE’s prime contractor 
at NPR-3, there is no discontinuity in the Shannon formation within NPR-3 
boundaries. They further state that there is probably no intercommunication 


between the two benches. 


The Shannon formation has an oil saturation which ranges between 
40 and 51%, averaging 45%. Average gas saturation is 3%, and the solution 
gaS-oi] ratio is approximately 32 SCF/STB. The oil is relatively light with 
API gravities measured from 29°API to 34°API. Oil viscosity is between 7 
and 20 cp, averaging 10 cp. Formation water is relatively fresh with an 


average of 13000ppm TDS and hardness of 300 ppm Ca/Mg. Water saturations 
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as listed by Core Labs range from 48% to 59% in Pool No. 2. However, they 
also list extremely high irreducible water saturations of 46 to 58%, even 
though the sandstone is believed to be water-wet. For this report, an 


irreducible water saturation of 40% is assumed to be more realistic. 
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Fig. 2.5. A map showing the portion of the Shannon formation 
considered in this report. 55C modelled the reservoir as eight 
“pools”. Pool No. 2 contains 110 MMbbI of oil out of total 
shannon 01] of 18OMMbbI. 


2.5 Previous Predictions 

The Shannon formation is a two-bench shaley sandstone reservoir 
which is essentially fully developed on ten acre spacing with approximately 
400 wells. It is estimated to have originally contained 180 million barrels 


(MMbb1) of oil, of which approximately 5.5 MMbb] have been recovered to date. 
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Total primary recovery from the Shannon is projected to be only 8 MMbb! [DOE 
(Aug. 1983)]. No previous attempts at field-wide EOR projects have been 
attempted. However, a waterflood performed in the adjacent East Teapot 
field portion of the same reservoir resulted in breakthrough occurring in 
offset wells in a matter or weeks. No further attempts have been made to use 


a waterflood in the formation. 


The vast amount of oi] that will remain unrecovered after primary 
production motivated DOE to begin evaluating EOR potential for the Shannon 
formation in 1977. Based on the recommendatons of consultants, pilot 
projects were initiated in 1979-1980for the evaluation of polymer-improved 
waterflooding and in-situ combustion. The processes of steamflooding and 
horizontal drilling are also currently under consideration for pilot testing. 
TO date; considerable resources have been expended toward the goal of 
economically improving oil recovery from the Shannon. Since the initiation of 
pilot projects in 1979, EOR evaluation efforts have produced a net loss of 
approximately $1 1million [DOE (Aug. 1984)]. 


Due to the high costs that usually follow the decision to undertake 
an EOR process, a significant amount of effort is usually expended to improve 
the accuracy of performance predictions. This has been the case thusfar for 
the Shannon formation, aS a number of studies, as wel] as studies of the 
Studies, have been conducted. Analysis of the Shannon for possible EOR 


application began in 1977 and has progressed through various stages of 





Zo 


evaluation. Results are at best inconclusive, and portions of the work done to 


date are poorly documented and of questionable quality. 


In 1977, DOE employed SSC to evaluate the Shannon for potential 
production improvements. With the use of a three-dimensional model, 
oil-in-place calculations were done, fluid and reservoir properties evaluated, 
and recommendations were made. SSC reported that based on data gathered 
from well logs and U. 3S. Geologic Survey maps, the Shannon formation 
contained approximately 180 MMbb!1 of oil, and that primary production would 
be limited to about 5% of the total. They further recommended 10-acre well 
spacing as well as additional studies for possible EOR applications. It Should 
be noted that the material balance approach apparently taken by SSC to 
quantify the amount of oi] in place may not be valid for a reservoir as 
heterogeneous as the Shannon. However, subsequent calculations performed 


by Core Labs were within a fraction of a per cent of the original SSC findings. 


Following the analysis performed by SSC, DOE awarded a contract to 
Core Labs in 1978 to “determine the most suitable engineering and economic 
enhanced oil recovery method which would merit a pilot test and ultimately 
lead to a full scale field application” [Core Labs (Sept. 1978)]. The first step 
in the evaluation process for Core Labs was to conduct a preliminary screen 
of potential EOR methods. Based on criteria published by Geffen (1973), Lewin 
and Associates (1976), and the Gulf Universities Research Consortium (1973), 


Core Labs ranked four EOR processes as shown in Table 2.2. 
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Tatle 2.2 Results af Preliminary EQR Screen 
(Core Labs, Dec. 1978). 
= 
Renking Process 


Foalymer Floading 





Steam Flooding 
Micellar/Polymer Flooding 


In-Situ Combustion 


ee 
Se 
seed 


subsequent to the screening process, a reservoir model based on an 
areal grid of 352 blocks was used to predict the performance of the candidate 
technologies [Core Labs (Jul. 1979)]. Core Labs found that water flooding, 
polymer flooding, in-situ combustion, and micellar flooding held the most 
mise f or the Shannon formation, while steamflooding was ruled out as a 
candidate. Although core floods had shown average residual oil to steam 
(Sors) Of 12%, it was predicted that fuel oi] requirements for steam 
generation would be greater than actual 01] production. Estimates were that 
iinst year production would be approximately 18 Mbbl of 011, requiring the use 
of a 1\OMMBtu/hr steam generator. Core Labs stated that fuel oil use would be 
70 BOPD or over 25 Mbbli/yr under these conditions. Reproducing the 
production prediction was not possible since anticipated injection rates were 
not reported. However, in applying a heuristic given by Miller (1984), it was 
found that the fuel oil requirement would be about 50 BOPD, or just over 18 


Mbbl/yr were the generator operating at peak capacity at all times. This 


a _ 


— 





A 


would still be unfavorable assuming the prediction of 18Mbbl! of oil produced 


in the first year was valid, but not nearly as much as reported by Core Labs. 
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Fig. 2.6. Results of the preliminary performance predictions 
made by Core Labs for EOR projects in the Shannon formation. 
Note that Steamflooding was not included [Core Labs (July 
1979)]. 


Figure 2.6 gives predicted recoveries as per cent of oil-in-place and 
predicted ‘present worth’, using a |O% discount rate and 1979 dollars. These 
results are based on developing 320 acres with S-acre 5-spot patterns and 
project lives of approximately 30 years. As can be seen from Fig. 2.6, the 
most attractive processes were in-situ combustion and polymer flooding. 
However, the predicted results for all of the four processes appear to be 
quite good. An unfortunate aspect of the work which was done is that there 


are no apparent references to predictive methods employed. Additionally, the 
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economic analysis could not be duplicated through the application of methods 


aS given by Peters and Timmerhaus (1980) or van Rensburg (1984). 


2.4 Pilot Projects 

The predictions shown in Fig. 2.6 resulted in the initiation of two 
pilot projects, one to test in-situ combustion, the other to evaluate polymer 
flooding. Before field-wide application of a process, common practice is to 
initiate a pilot project in which a small, but hopefully representative portion 
of the reservoir is used for testing. Primary concern in a pilot is not 
economic success, Dut technical viability. In other words, “will it work?". It 
Should also be the source of many “lessons learned”, such as proper operating 
procedures, material and equipment selection, and optimum performance 
parameters. After a sufficiently long pilot test, all factors may be analyzed 


once again before a decision for field-wide expansion is made. 


For the Shannon formation, pilot project planning and construction 
began in 1980. In late 1982 both the in-situ combustion and polymer flooding 
projects commenced. it is not the purpose of this report to evaluate pilot 
project performance. But, it is noteworthy that the pilot projects at NPR-3 
have been plagued from the beginning with “..many changes in technical 
direction and thrust in the implementation of EOR on the Shannon as various 
technical approaches (have proved) unsatisfactory” [DOE (Aug. 1984)]. Among 
the things learned from the operation of the pilot projects have been 
operating procedures, materials selection, and attainable injectivities. One 


Significant item found while operating the in-situ combustion pilot was that 
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combustion could not be sustained with air injection alone. The decision was 
made to pre-heat the reservoir with steam injection. During the period of 
Steam injection, a steam drive was developed and significant increases in 
production were measured. This renewed interest in steam flooding as a 


possible application and has lead to consideration of pilot testing in 1985 or 


1986. 





3. PREDICTIVE MODELS 


AS in the case of the Shannon formation, large amounts of money, 
time, and effort may be expended trying to determine the viability of EOR ina 
particular reservoir. Extensive studies may be undertaken, often involving 
the use of expensive, time-consuming three-dimensional reservoir computer 
simulations in the hope of predicting performance. These models depict 
reservoirs as a grid of “cells”, each typically on the order of 100 ft on each 
Side. For such models to be worthwhile, large amounts of data are required. 
Analysis is often limited to a small number of situations due to the time and 
expense involved. When such data is unavailable or unreliable, analysis may 


more properly revert to simplified predictive methods. 


_ Examples of easily used hand calculation methods are those given by 
Gates and Ramey (1980), Caudle (1968), and Vogel (1984) for in-situ 
combustion, improved waterflooding, and steamflooding, respectively. Miller 
(1984) argues that hand calculation methods may often be just as reliable as 


the large computer simulations, particularly when data are scarce. 


Miller further points out that the most significant value of 
simplified predictive methods is in sensitivity analysis. Through sensitivity 
analysis, “what if” questions may be asked regarding any parameter in order 
to see the effect that it has on total process performance. Critical variables 
may be identified for further study, such as the effect of reservoir 


permeability heterogeneity or solution gas/oil ratio. 
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However, even ‘simple’ hand solution methods are time-consuming 
and cumbersome if more than a few cases are to be examined. Also, some 
variables may not be known and may need to be estimated from published 
correlations. Therefore, to better accomplish sensitivity analysis in 
performance prediction, computer models which combine simplified 
predictive methods and correlations for various properties are often used. 
Based on energy and mass balances, these computer models provide a “middle 
ground” between hand calculations and reservoir simulators. Many variables 
may be quickly and easily tested for their effect on a particular process ina 
small fraction of the time required for either hand calculations or reservoir 
Simulators. Following is a discussion of the three computer models developed 


at The University of Texas at Austin which were used in this study. 


3.1 In-Situ Combustion Predictive Model 

“Genrich (1984) proposed a simplified linear frontal advance mode} to 
"predict fluid production of forward, non-superwet in-situ combustion 
processes.” By combining energy and mass balances, he modelled the process 
as four homogeneous zones: a burned zone, a combustion zone, a steam zone, 
and a cold zone. For each zone, compositions, saturations, and fractional 
flows of three phases are calculated. Overlay calculations were included for 
the steam zone and combustion zone to account for gravity override effects. 


Figure 3.1 is a schematic illustration of the model. 


Genrich's model successfully history-matched one actual project, 
the Suplacu de Barcau field, and a combustion tube experiment. He indicates 


that the mode! should give “order of magnitude estimates” of fluid production 
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from an in-situ combustion project. He also recognized shortcomings of his 
model with regard to pressure calculations and default parameters, and made 
recommendations for further modifications. Additionally, no allowance was 


made for permeability variation. 





Bur ned Corbustion = Stearn — Lald Zone . 
Fa ite fone fone (Original Reservoir | 


Fig 3.1 An illustration of the four homogeneous zones 
characterized in Genrich's (1984) in-situ combustion model. 


AS far as can be ascertained, this report is the first published 
application of Genrich’s model beyond his original studies. Therefore, results 
should be viewed in that light. Appendix 10.1.lcontains output representative 
of the results obtained in this study, along with a sample listing of required 


and optional input. 


3.2 Polymer Flooding Model 

Jones (1983) developed a predictive mode! for polymer flooding 
which accounts for vertical heterogeneity and crossflow of fluids. The basic 
premise of Jones’ calculations is the conductivity ratio method for fluid 
displacement given by Caudle (1968). Areal sweep correction factors are 
applied to linear calculations in order to describe pattern flood performance. 


Figure 3.2 gives the general concept employed by the model for the case of 
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non-communicating layers. Jones’ model allows the user to enter very limited 
or very extensive information regarding formation properties. The model 
also considers a large number of flow properties which as Jones states, are 


".Usually...accounted for only inreservoir simulators’. 
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Fig. 3.2. Adiagram illustrating the approach taken by Jones in 
Simulating fluid flow in multiple layers. This simple case is 
for five non-communicating layers of varying thickness. 


Jones successfully history-matched the performance of two polymer 
floods and showed that results agreed closely with those calculated by large 
numerical simulator models. The model is limited primarily by the quality of 
Input data used, i.e., whether or not the properties of multiple layers are 
known. Additionally, it assumes lateral continuity of layers. As was done 
with the in-situ combustion model, a sample computer output is given in 


Appendix 10.1.2. 
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Cold Water Hot Water Steam Condensate Oi] Original 
Zone Zone Zone Bank Bank Reservoir 


Fig 35. A diagram depicting the various zones across which 

energy and mass balance equations are applied in Arimas 

(1984)steam flooding model. Note that the oi] bank may not be 

formed, and the condensate bank also contains hot oil and 
- water. 


3.3 Steamflooding Mode! 

The steamflood predictive model proposed by Arima (1984) is a 
modification of that given by Aydelotte and Pope (1983). It applies energy and 
mass balances to a linear system of six homogeneous zones as shown in Fig. 
3.3, correcting for gravity override and radial flow by the use of a steam 
overlay and an areal sweep efficiency, respectively. The steam overlay is 
found by applying corrections for vertical sweep efficiency and fractional 


flow, and areal sweep efficiency is taken from published correlations. 


Arima provided an extensive suite of sensitivity analyses which were 


in good agreement with actual field performance and performed a number of 
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successful history matches for very different cases. One drawback to the 
model, however, is that it does not account for permeability variation, and 
therefore may predict too long a steam breakthrough time. Additionally, the 


model shows oscillating behavior late in project life. 


Arimas model was being written and revised at the same time that the 
predictions for this study were made. The final version of the model was used 
for all predictions. When evaluating the results of this study it should be 
noted that this is the first test of the model beyond Arima’s work. Appendix 
10.1.3contains a data template and sample output obtained from this predictive 


model. 
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4. PROBLEM STATEMENT 
in Is estimated that of the 180 MMbodl of of] originally contained in 
rné Snannon formation of NPR-3, onty & MMbdbI are recoverable by conventiona! 
Meas, therefore it is necessary to determine what form of improved 01} 
Beeeve , Witi De most advantageous in orcer to increase the ultimate 


production of oi! from this reservoir, as well as cash flow to the US. 


FOR processes have previously been evaluated for the Shannon 
formation, anc polumer floocing and in-situ combustion pilot projects nave 
1S 


J 


peen in operation for over two years. Another technique, steamfloocing, 
Beeep-i2G Considered. However, resuits of the pilot tests are inconciusive 
and many cuestions about the application of EOR in the reservoir still remain. 
twas felt that it would be valuable to predict the performance of the 

tm, e2 processes considering the physical properties of the formation and Its 
memes, DInce certain properties vary within the reservoir, or are not wel! 
Known, not onlu would economic sensitivity analusis be necessary, Dut 
sensitivity analysis for key physical parameters as well. This accomplished, 
performance prediction will provide only an estimate of production. However, 
a template for decision-making would be established, and tools with which to 


cae the relative effects of the physical phenomena involved in the processes 


In question would be available. 





Althougn oniy three methods of EOR are uncer consideration, tnere is 


possiDilitu that some other process may be suited for the Shannon 


[eee on. iheréiore to make this analysis as comprehensive as possible, 2 


oreiiminacy screening of EOR processes in general ts appropriate. This would 


peeve) jucce the relative merits of various EOR processes in the conte) 


sse xt of 
Se@eess Go: Similiar Drojects in industry. it could aiso nignlicghnt processes 


Weicn shouic oe considered for the Shannon formation. 





2. EOR SCREENING 


In the six years since EOR methods were first screened for the 
shannon, oil prices have dramatically increased and more EOR technology has 
been applied and evaluated, in general as well as in the pilot projects at 
NPR-3. In some cases, screening criteria have becorne more liberal. It was 
thus believed to be useful to re-evaluate the Shannon Sandstone for possible 
EOR methods, based on the physical properties of the reservoir and its fluids. 
This was done both to confirm the applicability of the evaluations done by this 
report, and to indicate any other methods which may be applied to the 


Shannon. 


- Table 3.1 summarizes screening criteria used in this evaluation, and 
lists properties of the Shannon for reference. Unless otherwise noted, the 
parameters are based on the screening guides published by Taber and Martin 
(1983). Additions and changes are discussed herein. Processes were judged 
to have either favorable, marginal, or unfavorable potential. The results of 


the screen are given in Table 5.2 at the end of this chapter. 


Before discussing EOR screening of the Shannon Sandstone, it is 
important to recognize the limitations of such a “binary screen”, i.e. one in 
which a reservoir or fluid property is matched against a preferred value for a 


certain process. These “preferred values” are obtained from laboratory 
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research and the results of actual field projects. Prats’ (1978) statement 
that “each reservoir must be evaluated on an individual basis as if there were 
no screening guidelines available” is fundamental. Also, as noted by Jones, et 
al. (1984), binary screening does not account for “... the composite effect of 
all variables, and offers no indication of economic feasibility.” Therefore, the 
screening process is not definitive but serves to show the investigator the 
relative potential of EOR processes with respect to formation and fluid 
properties, and how these properties have affected previous projects or 
laboratory studies. The process may also highlight one or more parameters 
which might strongly suggest the success or failure of a certain application. 
For example, oi! with a viscosity of 10,000 cp would obviously require some 


form of thermal recovery. 


- Smith (1983) states that ".. most low oil recoveries are due to 
adverse mobility ratios, poor location of injection and producing wells, high 
residual oj] saturation in the contacted part of the reservoir due to 
heterogeneities, and the immiscible nature of an oil-water displacement 
mechanism.” Some combination of these factors is the target of each of the 
methods which comprise EOR technology. Enhanced recovery methods have 
been categorized by Taber and Martin (1983) as follows: 

e Improved Waterflooding 
e Miscible-Type Waterflooding 


e Hydrocarbon and Other “Gas” Methods 
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e Thermal Recovery 

e Mining and Extraction 
These categories are cornposed of various processes. Following is a 
discussion of the processes, screening criteria, and applicability for the 


Shannon formation. 


5.1 Improved Waterflooding 

Conventional waterfloods comprise the majority of injection 
systems, yielding recoveries (including primary recovery) of from less than 
10% to as high as 70% of the original oil-in-place [Smith (1983)]. In 
walerfloods, injected fluid sweeps through a portion of the formation, 
displacing mobile oil at some efficiency. Improved waterflooding techniques 
increase Sweep efficiencies in waterfloods by reducing the mobility ratio. 
The mobility ratio, M, for a water flood is defined by Caudle (1968)”. .. as the 
ratio of the fluid mobility (A,,) in the watered out (swept) region to the fluid 


mobility (A,) in the uninvaded region”: 


where 
K, = average permeability of the swept region to the displacing fluid 
Uy = viscosity of displacing fluid 
Ky = average permeability of the uninvaded region to oil 


Ul, = viscosity of oi! 
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Caudle shows that a mobility ratio of greater than | is unfavorable 
to efficient displacement since flow of the displacing phase, be it water or 
some other fluid, would be preferred over that of the oil. The effect of 
mobility ratio on areal sweep is depicted in Fig. 5.1. The mobility ratio may 
be improved (decreased) by adjusting one or more of the parameters of Eq. 5.1 
to make fluid flow such that it will be more uniform, so that greater portions 
of areservoir will be contacted at earlier times, sooner displacing more oil. 
Improved waterflooding methods attempt to accomplish this by raising the 
viscosity of the injection water and/or reducing the formation’s permeability 


to water. 
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Fig. 5.1. A generalized depiction of the effect of Mobility Ratio, 
M, on the flow of an injected fluid which is meant to displace o1} 
toward production wells. 
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Tne results af the water flooa_performead in the East Teapot Fieic 


Beeevo,, JO GiscUssed earlier, imply that mobtiity control is necessary. 
Wiis was confirmed by Core Laboratories’, Inc. (Nov. 1978) core analysis in 


Peenereie.iVe Dermeadility relationships were determined for the Shannon. 
Meee die G:VE grange of mobilityratios from M= 3.5 toM= 209 An adverse 


Mooily racio of M= 65 was calculated using average values. 


2.1.1 Polymer Flooding 

In polymer flooding, water soluble polymers are added to injection 
Waier Lo increase viscosity and thus reduce the mobility ratio. Commoniy, 2 
Seer = SiG Of 1>to 25 per Cent of the pore volume is Injected, followed by 
fee tection. These polymers are generally high in molecular weignt and 
composed of (one -cazim morecules This has the advantage of increasing 
Mee 0) «=«W2LEF viscosity and in some cases changing oil-water 
Peenrecyilities. Additionally, cross-flow from low to high permeability 
zones increases the effectiveness of this process by plugging the the high 
permeability flow channels. However, a possible disadvantage is that the 


reiaiivelu iarge molecules may plug low permeabilitity zones. 


Poiurner flooding is usually conducted using either polyacrylamide 
Or polysaccharide polymers. Polyacrylamides are employed in about 8Q per 
cent of all projects [Smith (1983)], and have the advantages of both viscosity 


increase and relative permeabilitu alteration. They are composed of long, 
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flexible chains of acrylamide monomers. Jhis gives the disadvantage of 
making them subject to shear degradation. However, polyacrylamides are 
relatively immune to bacterial activity and are approximately one-half the 
price per pound of polysaccharides. Polysaccharides, or biopolymers, are 
produced by microbial action, and offer the advantages of increased viscosity 
and shear stability. Also, they are generally more tolerant of poor (saline) 
waters than are polyacrylamides. However, in addition to higher cost, 


polysaccharides require the uSe of oxygen Scavengers and bactericides. 


In consideration of a polymer flood for the Shannon, it was noted 
that both the poor mobility ratio to be expected and the presence of fractures 
in some parts of the formation are unfavorable factors. Also, the large 
polymer molecules may plug low permeability zones. Channelling problems 
which might arise may be corrected by fracture plugging treatments. For 
example, Mack and Warren (1984) reported on a successful polymer flood in 
which such diversion was used at the Sage Spring Creek Unit. In this project, 
Cationic and anionic polyacrylamides were injected with aluminum citrate 
into fractured Dakota sandstone. Whether plugging of low permeability zones 


Will be significant in the Shannon sandstone is subject to field testing. 


Based on the screening criteria listed in Table 5.1, polymer flooding 
appears to be a viable candidate for application in the Shannon. The 
drawbacks to using this method concern the physical makeup of the reservoir 


- bedding and fractures. Both factors mau cause portions of the formation to 
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be bypassed. While bedding should be. considered in well placement and 
selection of completion interval, fracture plugging techniques to divert 


injection flow from high permeability zones may need to be employed. 


3.2 Miscible-Type Waterflooding 

Miscible-type waterflooding techniques are often referred to as 
surfactant floods, micellar floods, microemulsion floods, detergent floods, 
and soluble oil floods. For this report, alkaline floods were included in this 
category. Mobilization of residual oi] is the primary purpose of these 


OROGESSES. 


9.2.1 Surfactant/Polymer Flooding 

A slug consisting of water, surfactant, salt, and possibly an alcohol 
co-solvent and/or a hydrocarbon is injected in this process. Depending upon 
surfactant concentration, the slug may be between 5% and 50% of the pore 
volume. Generally, the smaller slugs utilize higher surfactant concentrations. 
The surfactant slug is followed by a polymer slug of up to 50% of the pore 
volume for mobility control. Petroleum sulfonates or blends with other 
Surfactants are most often used. Taber and Martin show that this process 
ReCOVErs O11 DY: 

® Reduction of interfacial tension between oil and water 

@ Oi] solubilization 

e Oi] and water emulsification 


e Mobility enhancement 
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It is noted, however, that Smith (1983) states that no surfactant/polymer 


projects in the United States have ever been reported as being profitable. 


ourfactant/poluymer flooding merits further investigation. The 
screening parameters listed in Table 5.1 are satisfied except for the problems 
which might arise due to the presence of fractures in the formation. If 
successful, amiscible process such as this could mobilize the large amount of 
residual 0/1 which would otherwise be left in the reservoir by an immiscible 
displacement method. High costs of chemicals, complex operating 
requirements, and the preference for a more homogeneous reservoir are 
negative factors. For these reasons, surfactant/polymer flooding was judged 


to have marginal potential for the Shannon formation. 


5.2.2 Alkaline Water Flooding 

With many oils it is possible to inject a low pH Solution to generate 
an in-situ surfactant. This has the advantage of being less expensive than the 
petroleum sulfonates, alcohols, salts and other chemicals used in surfactant 
flooding systems. Ehrlich, et al. (1976) listed the following mechanisms 
which are possible in oil recovery by alkaline water flooding: 

@ Solution gas drive 

© Emulsification and entrapment of of] for mobility contro} 

e Wettability reversal from oil-wet to water-wet 


e Wettability reversal from water-wet to oil-wet 
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The Shannon appears to meets-all EOR screening criteria tisted by 
Taber and Martin for alkaline flooding. However, Owens and Archer (1971) 
have shown that oil recovery by alkaline waterflooding does not apply unless 
the acid index is over 0.5 mg KOH/g crude. Samples of Shannon crude were 
evaluated as having an average acid index of 0.125mg KOH/g crude. For this 
reason, it appears that alkaline waterflooding is not a viable EOR process for 


the Shannon reservoir. 


2.53 Hydrocarbon and Other “Gas” Methods 

Included in this category are miscible solvent flooding, enriched gas 
drive, high pressure gas drive, carbon dioxide flooding, acid or flue gas 
injection, and inert gas injection. These methods recover oii by generating 
some degree of miscibility. However, all require sufficient depth so that high 
pressures Can be introduced into the formation. Due to the shallow depth of 


the Shannon formation, none of these processes are applicable. 


5.4 Thermal Recovery 

Thermal recovery methods consist of steam and hot water injection 
processes, and in-situ combustion processes. Except for hot water flooding, 
all thermal recovery methods improve productivity by reducing crude 
viscosity (Prats, 1982). Other mechanisms may be important, depending upon 


Che process. 
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Fig. 5.2. A simplified depiction of the steamflooding process 
[fromm Aydelotte and Pope (1983)]. 


2.4.1 Steamflooding 

Figure 5.2 schematically illustrates the steamflooding process. 
(1977) and Willman, et al. (1961) list the following mechanisms 
contributing to improved oi] recovery by steam drive: 

e Viscosity reduction 

e Thermal expansion of o1] 

® Reduction of residual oil 

@ Steam distillation 


e Gravity segregation 
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@ Solution gas drive 
@ Emulsion drive 


@ in-situ solvent drive 


As steam flows through the reservoir, it transfers heat to 
formation fluid, reservoir rock, overburden, and underburden. One or more of 
the listed mechanisms is at work, and various zones or “banks” may be formed. 
In addition to a steam bank, these may include banks of hot water, light 
condensate or distillation products, and an ol] bank. Usually, the steam bank 
rises and overrides other formation fluids due to gravity segregation and 
becomes a ‘Dlanket”. Oil is then recovered as the steam Dlanket grows with 
continued injection. Miller (1984) points out that, unlike other displacement 
processes, this effect causes most oil recovery during a Steamflood to occur 


after breakthrough of the injected fluid. 


A significant difference between steamflooding and the other 
displacement processes listed in Table 5.1 is that reservoir heterogeneity and 
the effects of fractures may not be critical factors. The movement of a 
Steam zone tends to be more uniform since any flow channelling through high 
permeability streaks, or fractures, tends to dissipate due to excessive heat 


loss to the formation. 


Certain screening criteria differ between authors. For the 


permissible range of API gravity, the more accepted values are between 
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1O°API and 25°API. This is due chiefly to the fact that most steamflooding 
projects to date have been conducted in reservoirs containing heavier crudes. 
Steamflooding lighter crudes such as exists in the Shannon reservoir has not 
been specifically ruled out, however. Blevins, et al. (1984) have reported on 
successful light-oil steamflooding projects. Information from this study, as 
well as others such as Hagoort, et al. (1976) and Faroug Ali and Meldau (1979) 
are considered in the screening criteria of Table 5.1,where 35°API is given as 


the upper limit. 


Permeability is another parameter for which there does not appear 
to be agreement in the literature withrespect to steamflooding. It should be 
pointed out that most successful steamflooding projects have been conducted 
in high-permeability reservoirs, with permeabilities typically much greater 
than 1000 md [Faroug Ali and Meldau (1979)]. Areport by the Gulf Universities 
Research Consortium (1973) states that steamflooding requires a 
permeability greater than 100md. Taber and Martin list a requirement of 200 
md or greater. Permeability is described as not being critical to 
Steamflooding performance by both Geffen (1973) and Lewin and Associates 
(1976). However, Blevins, et al report that a number of light-oil 
Steamflooding projects have been successful in formations with 
permeabilities as low as 70 md. Therefore, 70 md is taken as the lower limit 


of permeability for steamflood screening. 
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As listed in Table 5.2, steamflooding was judged to bea good 
Candidate for EOR application in the Shannon. The criteria of Table 5.1 are 
met, and the process may minimize effects of reservoir heterogeneities. The 
Shallow depth of the formation will allow steam to be injected at a high 
quality, and the thick pay section should lessen relative heat loss to the 
overburden and underburden. Also, even though Shannon crude is low in 
viscosity relative to that in most steam floods, light-oi] steamflooding is 


proving to be successful in other fields. 


9.4.2 In-Situ Combustion 

In-situ. combustion, shown in Fig. 5.3, involves a _ sustained 
combustion reaction within the reservoir using part of the reservoir fluid as 
fuel in order to generate heat. This has normally involved air injection and 
ignition:by downhole heaters, but other methods nave been used either to 
initiate or sustain combustion. These include pre-heating techniques and/or 
the injection of oxygen-enriched air. Mechanisms which aid in oil recovery by 
in-situ combustion include: 

e Burning “coke” that is produced from the heavy ends of crude oi] 

e Viscosity reduction by convective and conductive heat transfer 

e Residual oil reduction by steam distillation and thermal cracking 


e increased pressure supplied by injected air 


Authors differ on some screening criteria, most notably oi] content 


and reservoir temperature, but there seems to be general agreement on other 
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properties. Williams and Ramey (1980) point out the disagreement between 
Oi] content values suggested by Chu (1977), Poettmann (1964), and Geffen 
(1973). These three suggest values of 1000, 780, and 390 bbl/ac-ft, 
respectively, for minimum oil content requirement. The lower value was used 
since, as Taber and Martin state, higher gravity oils should consume less fuel 


and air than would be required by heavier oils. 
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Fig 5.3. A simplified depiction of the dry in-situ combution 


DEOEESS. 


A minimum permeability of 100md is commonly used in evaluating 


in-situ combustion potential. As mentioned earlier, the average permeability 
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in the Shannon has been found to be 63 md. However, there is a wide Variation 
in permeability throughout the field and there are large areas which meet the 
100 md criterion. Smith (1978) indicates that a higher gravity oil, such as 
exists in the Shannon, may not require such a high permeability, and may even 
respond to permeabilities as low as 25 md, which is what is used as the 


permeability screening criterion. 


In-situ combustion was judged to be marginal for the Shannon. 
euereugn most of the criteria of Table 3.| are satisfied, reservoir 
heterogeneity will probably hamper flow uniformity. A uniform, sustained 
combustion front is necessary. Unlike steamflooding, injected fluid (air) 
Cannot benefit recovery if it flows through nigh permeabilty zones and/or 


overrides other formation fluids. 


S.9 Mining and Extraction 

Mining methods have been employed for petroleum recovery for a 
number of years in Europe, and more recently, in the United States. Although 
excavation is a potential method for removal of petroleum, the mining 


technique finding widest application in the ofl industry fs horizontal drilling. 


9.5.1 Horizontal Drilling 
In horizontal drilling, a mine shaft is dug and an underground 
chamber, or drilling room, is established from which boreholes of up to 200 


ft in length are drilled into the target formation. Oi] drains from the 
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boreholes into a maniforld and is collected into a sump for pnping to the 
surface. Figure 5.4 illustrates the general concept involved. This method has 
been shown to be effective in shallow, fractured, low-ener9. reservoirs. 
Welshimer (1982)points out that it may be the only alternative vw. older fields 
in which pressure maintenance is not possible due to primizve plug and 
abandon procedures. Horizontal drilling 1s also used iN COmunction with 
Steamflooding. The following list is taken from Turner (1982_ Dobson and 
seelye (1982) and Ste. Nationale Elf Acquitaine of France [Qil 2°< as Journal 
(Dec 26, 1983)], as being the major recovery mechanisms = work when 
horizontal drilling is employed: 
® Gravity drainage 
e Large increases in the surface area of drainage above ~at of 
conventional vertical wells 
- © Intercepting of circulation paths (fractures), whic? == sften 
difficult to locate with vertical wells 
e When used with steamflooding, boreholes afford un “== steam 
distribution 
Elf also states that horizontal boreholes are “... geologic <== zecaguse an 
appraisal well could provide samples over a several hundred “2= ccrizontal 


drain hole.” 


screening criteria, per se, were not found for hor arilling. 
However, the screening criteria listed in Table 5.1 reflect == ct that a 


number of gravity drainage projects in light oil reservoirs (7==-2ntaining 
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oil of 20 “API or greater) are underway in the United States. For-example, 
Dobson and Seelue (1982) describe the successful operation of one such 
project which was performed in the Tisdale Field, near NPR-3, by Conoco, Inc. 
Additionally, steam injection via horizontal boreholes is being used in the 
Kern River field near Bakersfield, CA [Qil_and Gas Journal (August 23, 1983)] 
and in the Yarega Field near Ukhta, USSR [Turner (1984)]. 
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Fig. 5.4. Horizontal drilling from a subsurface drilling room. 


Based on the screening criteria, both gravity drainage and steam 
injection via horizontal boreholes appear to be recovery mechanisms which 
may be applicable to the Shannon formation and which warrant further 


investigation. 
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6. PERFORMANCE PREDICTIONS 


Results obtained from the three EOR predictive models used in this 
Study are presented in this chapter in terms of oi] produced versus time. 
Economic analyses are presented in Chapter 7. For each method investigated, 
predicted production rates and cumulative production for base cases of a 
10-acre and a 2.5-acre 5-spot pattern are shown. Results of sensitivity 


analyses found to be significant are also presented. 


6.1 Assumptions Common to All Models 

Although there exists a degree of uncertainty regarding some 
physical properties of the Shannon formation, it is possible to describe the 
reservoir in terms of a number of average properties. For the purpose of 
these predictions, the Shannon formation was characterized as a single, 
homogeneous, continuous sand body of constant thickness, porosity, and fluid 
Saturation. While these assumptions are not generally valid for any 
reservoir, they are necessary for application of the predictive models used, 
and were made in the hope that results based on average physical properties 
would yield an approximation of actual performance. Further, sensitivity 
analyses for various physical parameters were performed in order to 
compensate for both the lack of knowledge concerning the Shannon formation, 
and any actual variability in these properties within the reservoir. Thus, the 
reservoir was characterized as having the average properties which are 


described in Chapter 2 and given in Table 6.1. 


aie 
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Table 6.1. Physical Property Assumptions 
Common to all Predictions 


Reservoir Properties 


Reservoir Depth D0 ft 
Reservoir Temperature OD ok 
Reservoir Pressure 70 psia 
Net Pay Thickness 26 Tt 
Gross Pay Thickness 96 ft 
Rock Properties 
Porosity 19.8% 
Permeability* 200 md 
Oi] Saturation 45 % 
Water Saturation D9 % 
Gas Saturation 3% 
Fluid Properties 
Oil Viscosity* lOcp 
Oil Gravity 32 * API 
_ Water Viscosity I cp 
*, Solution Gas/Oil Ratio S727 SCE/ole 


* Varied in Sensitivity Analyses 


6.2 Base Case 

To provide for comparison of the predictions for the various cases 
considered, a base case was established. The unit investigated is a 1!0-acre 
>-spot pattern of wells since the Shannon formation is essentially fully 
developed in this manner. In this configuration, the only new wells to be 
drilled would be injectors. Additionally, the existing collection system would 
De adequate. Limited infill drilling to 2.5-acre spacing has been done at NPR-3. 
As illustrated in Fig. 6.1, this allows for the inclusion of existing wells in a 


uniform pattern. Thus, a second base case is considered for each process, 
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using a 2.5-acre well pattern. However, sensitivity analyses were done only 


for the 10-acre base case. Reconfiguration to S-acre spacing could also be 


accomplished utilizing existing wells, but was not considered in this study. 


a = EG acre lineciion yet} 
To be Drilled 

| : " GO - Basting Production Well 

| oy —  - 10-Aere Pattern Boundary 


= ere een iia 
- Producing Wells to be 
Drilled or Converted 





ao | Woe - 2.5-Acre Pattern Boundary 


Fig. 6.1. An illustration of a 10-acre 5-spot pattern, which is 
the basic unit investigated in this study. Also shown is the 
manner in which infill drilling to 2.5-acre spacing could be 
accomplished. 


Performance predictions are given in the following sections for 
various cases. Production rate is expressed in BOPD and cumulative production 
is shown in MSTB. 


6.5 In-Situ Combustion Prediction 

Figures 6.2 and 6.3 give the results of the base case predictions 
obtained from Genrich’s in-situ combustion model for the 10-acre and 2.5-acre 
Dase Cases, respectively. Figure 6.4 compares cumulative production for the 
two cases on a |O-acre basis, i.e. four 25-acre 5-spot patterns. Ultimate 
recovery for the 10-acre base case is 256.8 MSTB, or approximately 49% of the 
Oi] in place, and ultimate recovery for four 2.5-acre patterns is 276.7 MSTB, 


or 53% of the oil in place. The production rate curves of Figs. 6.2 and 6.3 show 
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that the model does not predict a production decline, but rather a “plateau” of 


approximately !05 BOPD which is abruptly stopped, presumably because of 
predicted combustion front arrival at the producing well. Additionally, 
predicted production was oscillatory between years four and six. The reason 


for this behavior was unknown. 


The lack of a production decline was shown in all cases investigated. 
The termination of production was that predicted by the model, and not an 
economic limit. This was not well understood and it appeared to be 
unrealistic. For example, varying air injection rates resulted in predictions 
which implied that the ultimate cumulative production would be different. It 
was felt that in a case such as this, ultimate cumulative production should be 
identical for different air injection rates, and only recovery time would vary. 
Further, this character does not agree well with examples of actual in-situ 
combustion project production histories given by Prats (1982). However, at 
least ane field project, at West Newport, CA, did exhibit an extended period of 


Steady production, as is implied for the Shannon formation by Genrich’s model. 


In addition to the properties given in Table 6.1, equivalent fuel 
Saturation and oxygen consumption efficiency were specified, based on the 
results of combustion tube experiments performed by Core Labs [May, 1980] 
Default values calculated by Genrich’s model were used for the other optional 
parameters listed in Appendix 10.1.1. The base case air injection rate was 
taken to be 850 thousand cubic feet per day (MCFD), based on actual practices 
In the Shannon formation in-situ combustion pilot project in November 198¢ 
[Grooms (1984)). 
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Oxygen consumption efficiency was taken to be 88% for all 
predictions made in this study, also based upon the combustion tube 
experiment results. The effect of air injection rate upon predicted 
performance was measured by choosing a low rate of 500 MCFD and a high rate 
of 1200MCFD. Sensitivity to permeability and viscosity were also examined, 
and it was shown that neither parameter altered predictions measurably from 
the base case. Permeability changes showed no changes from base case 
predictions, while the use of 7 cp and 20 cp oil as an input parameter resulted 


in changes from the base case of approximately 1%. 


Additionally, injected oxygen concentration was studied, using values 
of 30 weight per cent and 50 weight per cent oxygen. Genrich allowed for both 
oxygen weight per cent and mole per cent to be specified as input parameters. 
However, it was found that the model did not respond to changes In oxygen 
mole per cent as an input variable, which would have been easier to analyze 
from the standpoint of stoichiometry. Therefore only oxygen weight per cent 


was varied as an input parameter. 


6.3.1 Effect of Equivalent Fuel Saturation 

lt was found that the most significant optional parameter for input 
into Genrich’s model was equivalent fuel saturation, Sor, for which the default 
value was zero. As given by Prats (1982) for calculation of Sor from a 


combustion tube test, Sor 1s defined as: 


Si = Mp/$0, SBmc6—5. san SERED EDS deo SOUR C ONE Oe eee eee 6.1 
Mp ih OVO EC) er ene 2 
where, 
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> . Porosity of the reservoir, fraction 

>r = Porosity of the combustion tube material, 
fraction. - -: 

00 - Oil density, Ib,,/ft? 

Mp = Mass of reservoir fuel burned, Ib,/ft* 

Mm; = Mass of combustion tube material burned, 
ee 


Figure 6.5 illustrates the predicted importance of equivalent fuel 
Saturation to in-situ combustion performance. This figure shows that if the 
equivalent fue] saturation were as low as 3.5%, recovery would be over 12% 
greater than the base case in a four-year vice eight-year project life. 
Conversely, if equivalent fuel saturation were 18.7%, ultimate recovery from 
the project would be only about 25% of the base case in essentially the same 
project life. This is not a parameter which can be optimized, rather it is a 
property of the reservoir fluid. However, this analysis indicates the 


Importance of quantifying equivalent fuel saturation. 


6.3.2 Effect of Air Injection Rate 

Figure 6.6 shows the effect of air injection rate upon predicted 
in-situ combustion performance in the Shannon formation. As expected, 
higher injection rates are predicted to give significant improvements in 
performance. However, as noted previously, the results from the model also 
inferred that ultimate recovery would change, which was not expected. 
Compared with the base case recovery prediction of 256.8 MSTB, or 
approximately 49% of the oil in place, the prediction for 500 MCFD gives an 
ultimate recovery of only 140.4MSTB, or 27% of the oi] in place. Recovery for 


an air injection rate of 1200 MCFD indicates an ultimate cumulative 
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production of 281.8MSTB, or 54% recovery. While the effect of air injection 


rate upon ultimate recovery appears questionable, production rates_were as 
expected, 1.e., lower production rates resulting from lower injection rates. 
The choice of an optimum injection rate is an economic one, requiring further 


analysis as 1s done in Chapter 7. 


6.3.5 Effect of Oxygen-Enriched Air 

Bice ealiminjection fate, tne oxygen content of Injected air is an 
economic decision factor, requiring the consideration of special safety 
measures and extra equipment, but also of lower air compression costs. 
Figure 6.7 gives the predicted performance of in-situ combustion in the 
Shannon reservoir using oxygen-enriched injection air. In this analysis, 
injection rate was held constant at 850 MCFD in order to provide a simplified 
comparison with the base case. A more complete study should determine 
what injection rate would yield a specified recovery, in order to compare 
capital and operating expenses on that basis. Raising the weight per cent of 
oxygen to 30% yields slightly better predicted recovery while decreasing 
project life by t.5 years. The effect of raising the oxygen concentration to 
20% does not raise ultimate recovery above the 30 weight per cent case, 


however it lowers project life even more, to 3.7 years. 


6.4 Polymer Flood Prediction 

Base case predictions obtained from Jones’ polymer flooding 
predictive model are given in Figs. 6.8 (10-acre) and 6.9 (2.5-acre), and 
compared on a 10-acre basis in Fig. 6.10. As in all polymer flood predictions 


which were made, both base cases are characterized by ashort period of low 
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Fig. 6.11. Polymer Injection Schedule for 10-Acre Base Case 





Hes. 
production followed by a period of high but rapidly declining production. 


Figure 6.11 shows polymer injection requirements predicted by the model. In 
discussing predicted ultimate recoveries in this section, an arbitrary cut-off 
point of a water-oil ratio (WOR) of 50 was chosen; for reference, Caudle 
(1984) suggests a WOR of 20 as an economic limit. An ultimate recovery of 
222.9 MSTB, or 43% of the oil in place is predicted for the 1!0-acre pattern, 
while four 2.5-acre patterns were predicted to produce 250.4 MSTB, or 44% 


of the oi] in place. 


Parameters additional to the base case which were applied to the 
polymer flood prediction included polymer properties, polymer slug size, 
polymer concentration, and injection pressure. Dow Pusher 700 was chosen 
as a representative polyacrylamide polymer and its properties were those 
used in all predictions. The base case also considered polymer to be injected 
at 2 concentration of 700 ppm in a slug of 1.0 pore volume (PV). Polymer 
concentration and injected pore volumes were both analyzed for their effect 
on performance prediction. An injection pressure of 500 psi was used in all 
predictions, as pressures of this magnitude are presently being used in the 
Shannon formation pilot tests [Schulte (1984)]. Finally, polymer adsorption of 
150 |b/ac-ft was specified for base case predictions, and was varied in a 


sensitivity study. 


6.4.1 Effect of Oil Viscosity 
Unlike the in-situ combustion prediction, varying oi! viscosity as an 
input parameter had a dramatic effect on performance prediction. As shown 


In Fig. 6.12, an oil viscosity of 20 cp effectively delays any significant 
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production for 2 years compared to the base case of 1Ocp oil. As discussed 


in Chapter 2, there appears to be either variability of this property, within 
the Shannon formation or measurement inaccuracies. This analysis 
illustrates that oi] viscosity is a critical physical variable and that it 
requires more extensive and exacting analysis before economic decisions 


would be made regarding polymer flooding. 


6.4.2 Effect of Permeability Variation 

As with oil viscosity, permeability variation is not a variable that 
can be changed. But it is a characteristic of the Shannon formation that is not 
well understood and was therefore investigated for its effect upon predicted 
polymer flood performance. [he Dykstra-Parsons permeability variation Vpp, 
as described by Caudle (1968), is used by Jones to statistically simulate flow 
aS occurring in a number of layers. Figure 6.13 shows that the most severe 
case considered, Vop = 0.9 yielded the best performance in terms of earliest 
production. This was somewhat surprising as amore heterogeneous reservoir 
would tend to promote by-passing of fluids into high-permeability zones, 


away from low-permeability areas, thus hindering effective production. 


6.4.5 Effect of Polymer Adsorption 

Polymer adsorption was thought to be a potentially critical variable 
with regard to prediction of polymer flood performance and was thus 
analyzed. As shown in Fig 6.14,Jones’ model does not indicate that within the 
range of values tested that the effect of this parameter will be significant. 
However, the results of this analysis are presented for completeness. It is 


interesting to note that while the lower value tested, 75 lb/ac-ft, predicted 
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slightly higher flow rates early in the project, the 250 lb/ac-ft upper limit 


value showed better production performance thereat ter. 


6.4.4 Effect of Polymer Concentration 

The analysis of polymer concentration found that an increase in 
concentration yielded a corresponding increase in predicted early oil 
production, as shown in Fig. 6.15. As with oxygen concentration for the case 
of in-situ combustion, the choice of polumer concentration is ultimately an 


economic decision. 


6.4.5 Effect of Polymer Slug Size 

Figure 6.16 shows that Jones’ model predicted virtually no 
difference in performance when three different slug sizes were evaluated. It 
is noted on Fig. 6.16 that the 0.25 PV slug shows a better recovery than the 
other two cases at about 7 years, when it reaches its economic limit of WOR = 
20} This increase in production was evidently the result of substantially 


higher predicted water injection rates for the 0.25 PV case. 


6.5 Steamflood Prediction 

Additional base case data for the steamflood prediction included 
steam quality, injection rate, injection pressure, and thermal properties of 
the reservoir. Surface steam quality was estimated to be 80% and injection 
rate was taken to be 500 bbls of Steam per day (BSPD), expressed in 
equivalent barrels of cold water. The injection pressure used was 500 psia, 
and thermal properties of the formation were taken from a study of the 


Shannon formation by Zargarnian (1984). 
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In addition to the properties given in Table 6.1, equivalent fuel 
Saturation and oxygen consumption efficiency were specified, based on the 
results of combustion tube experiments performed by Core Labs [May, 1980] 
Default values calculated by Genrich’s model were used for the other optional 
parameters listed in Appendix 10.1.1. The base case air injection rate was 
taken to be 850 thousand cubic feet per day (MCFD), based on actual practices 
in the Shannon formation in-situ combustion pilot project in November 1984 
[Grooms (1984)]. 


Arima’s prediction modelled base case results for a steamflood in 
the Shannon formation as shown in Figs. 6.17and6.18for !Q-acre and 2.5-acre 
spacing, respectively. Figure 6.19 compares the results of cumulative 
production ona !0-acre basis. All predictions exhibited the character of high 
Initial production followed by a steady decline. As noted in Fig. 6.17, steam 
breakthrough Iseiemmnedicted tO OCCUR Until late Im project life. Due to the 
heterogeneity of the Shannon reservoir, steam breakthrough would probably 


occur much sooner than is predicted by Arima. 


6.5.1 Effect of Injection Rate 

Figure 6.20 shows that injection rate is predicted to have a 
substantial effect on steamflood performance, with a rate of 700 BSPD 
yielding twice the recovery of a 300 BSPD injection rate in a 10-year period. 
However, additional recovery must be weighed against the commensurate 
steam generation costs. It should also be noted that Arima’s predictive 


model gives which is based upon frontal displacement. Although the 
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86 
prediction considers a steam overlay, it does not take into account the 


"steam blanket” effect to the extent as suggested by Vogel (1984). Vogel 
Shows how this effect can lead to an optimum injection rate, above which 
additional steam injected essentially results only in additional steam being 


produced. 


6.5.2 Effect of Surface Steam Quality 

Rather than having an estimated injected steam quality as an input 
variable, Arimas model offers the benefit of accepting surface steam quality, 
and then calculating wellbore heat losses to yield the injected steam quality 
Seeene sendface. Figure 6.2! illustrates the effect of this parameter on 
predicted performance. These results are important in that little change is 
predicted when raising surface steam quality from 80% to 90%, yet a drop in 
quality from 80% to 70% significantly decreases performance. These results 
imply that insulation on injection lines is necessary, but that there may be a 


limit to the benefit of insulation. 


6.6 Comparison of EOR Processes 

migumes O22 and 625 summenrize the results of this study for 
1Q-acre and 2.5-acre base cases, respectively. In both situations polymer 
flooding was predicted to give the highest early recoveries, while 
steamflooding was predicted to yield the highest ultimate recoveries. The 
larger ultimate recovery for the steamflood was most significant in the 
comparison of the 2.5-acre base cases. Predicted ultimate recoveries agree 
well with theory. Polymer flooding can only produce rnobile oil, while steam 


flooding greatly reduces residual oil, enabling more oi] to be produced. Stearn 
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88 
and miscible gas drive mechanisms in an in-situ combustion process can 


reduce residual oil. However, ultimate recovery would not be as large as for 


a steamflood since some amount of 011 1s used as fuel in the reservoir. 
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7. ECONOMIC ANALYSES 


Ultimately, the decision to implement EOR operations for the 
Shannon formation will be based upon economics. Projected revenues must be 
weighed against anticipated capital and operating costs to determine which 
process will be most profitable. In this chapter, the set of preliminary 
production predictions given in the previous chapter were analyzed for 
profitability. This evaluation was based on assumptions pertaining to oll 


prices, capital costs, operating costs, and other economic conditions. 


As with the many physical variables which must be considered when 
production predictions are made, there are numerous economic parameters 
which affect the profitability of a project. In this preliminary analysis, al} 
cost components were not known, and accurate costs for known components 
were not generally available. However, major capital and operating costs 
were identified and reasonable estimates made, based upon known process 
requirements and certain pilot test results. Therefore, just as the production 
predictions reflected the anticipated character and order of magnitude of 
performance, economic analyses provide an estimate of profitability. In 
addition to these preliminary estimates, a template for more detailed future 


study was established. 


7.1 Economic Decision Criteria 
As noted earlier, operations at NPR’s are unique in the sense that 
DOE pays no taxes or royalties on production. Net profit and net cash flow are 
9} 
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sunonymous and profitability is measured simply in terms of the difference 
between gross revenues and actual expenses. However, even the U.S. 
Government must account for the time value of its money, hence the issuance 
of Treasury bills (T-bills). For this reason, two discounted cash flow 
decision criteria, Net Present Value (NPV) and Present Value Ratio (PVR), 


were chosen to compare the profitability of the EOR processes evaluated. 


7.1.1 Time Vatue of Money 
Since the value of money changes with time, it is necessary to 
account for this change in any economic decision. The time value of money can 


be described by the compound interest formula [Berlinger (1984)]as: 


FV = EAC Te Ue NN nce a 7.1 
where, 
fev = Future value of a cash flow 
“py = Present value of that cash flow 


= Nominal interest, or discount rate per period 

n - Number of periods considered 
Simply, this formula shows that a dollar recieved one year from now is not 
worth as much as one received today due to the loss of a year’s investment 
Opportunity. This “opportunity cost” is expressed in terms of the interest, or 


discount rate at which the money could have appreciated. 


An endeavor such as the EOR processes studied herein will result in 
aseries of future cash flows. Equation 7.1 may be manipulated to express the 


present value of a future cash flow as a function of time and the discount 
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rate. The sum of these cash flows are termed the Net Present Value. This is 
erepessed as: 
n 
NPV = ee 7.2 
j=0 
where j represents the time period in which a cash flow occurs. NPV reflects 
the total net cash flow for a project, discounted to the common basis of 
present year dollars. A disadvantage of using NPV as an economic decision 
tool is that it does not reflect the magnitude of the initial investment 
required. Thus, two projects may have nearly equal NPV's, but one may have 
required a much larger initial investment than did the other. Therefore, PVR 
was included in this study as an additional criterion with which to measure 
profitability. Berlinger states that the PVR yields the discounted value per 


dollar of investment. It is expressed as follows: 


PVR = Ca). _—__— eee. 73 
where, 
PVR = Present value ratio 
Cl = Capital Investment regired 


7.1.2 Discount Rate 

AS Can be seen from Eq. 7.1, the cost of capital as expressed in the 
discount rate is an important parameter to profitability. It is, however, 
affected by inflation, as positive inflation effectively reduces the true 
discount rate. This was shown by van Rensburg (1984) as: 

R = CT LS) Es coin eed oee e 7.4 
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where, 
R * True discount rate 
= Nominal discount rate 


| = Average inflation rate 


In all evaluations of this study the true discount rate was used. The nominal 
discount rate was chosen to be the average annual T-bill rate, as this reflects 


the cost of capital for the operator of NPR-3, the U.S. Government. 


7.1.3 Inflation and Escalation 

Infiation must necessarily be considered for its effect on future 
costs and revenues. Additionally, escalation may be a factor and was 
considered where appropriate in this investigation. Escalation is the 
difference between the rise in a cost or revenue and the general rate of 
inflation. For example, oil prices in the 1970’srose in price at rates higher 
than inflation, i.e. they experienced positive escalation. Conversely, drops in 
oil prices are an example of negative escalation. Future costs and revenues 


were thus calculated from initial values, termed “Year 0” values, as follows: 


Cost, = COIS gh CPS?" es |) Ne ee Zs 
where, 

Cost, = Cost(or revenue) in future year, n 

Colsits, = Cost(or revenue) in Year O 

n = Number of years since Year 0 


| = Average annual inflation rate, fraction 


FE = Average annual escalation, fraction 





Se) 


7.2 Methodology 

For each process, NPV and PVR were found and various economic 
sensitivity analyses performed using a microcomputer spreadsheet model as 
outlined in Appendix 10.2. Sensitivities to the physical and operational. 
parameters found to be significant in Chapter 6 were also investigated. For 
each process, a chart is presented which depicts base case NPV and Cl for 
both the 10-acre pattern and for four 2.5-acre patterns. Results for physical 
and operational variables identified in Chapter 6 are then shown. Finally, 
results of the analyses of all three processes with regard to economic 


parameters are given. 


In all evaluations the convention given by van Rensburg, of 
considering cash flows as if they occurred at year end, was used. Capital 
costs were considered to occur in Year O and inflation, escalation, and 
nominal discount rates were assumed to be constant average values. The 
basic unit of evaluation was taken to be a 10-acre 5-spot well pattern. This 
would require the drilling of one injection well and workover and stimulation 
of the equivalent of one existing production well. Additionally, a 2.5-acre 
base case was evaluated. As can be seen from Fig. 6.1, this arrangement would 
require four injection wells and the equivalent of three producing wells to be 
drilled per 1Q-acre unit. Workover and stimulation of the equivalent of one 
well per 1OQ-acre unit would also be required for the development of four 
Z2.o-acre well patterns. Economy of scale for a potential field-wide expansion 


was assumed making application of fractional costs appropriate. For 
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example, a polymer mixing unit which would serve ten 1Q-acre patterns may 
cost $100,000 and be operated by one man receiving $30,000 per year in pay 
and benefits. The per pattern capital cost would thus be $10,000 while the 


annual per pattern labor cost would be $3,000 (not adjusted for inflation and 









escalation). 
I Soe 6 ee es ll 
| Table fi Econonrne Base Case Assumptions ! 
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7.3 Economic Base Case 

To compare the profitability of in-situ combustion, polymer 
flooding, and steamflooding in the Shannon reservoir at NPR-3, an economic 
base case was established. Table 7.1] lists base case assumptions for discount 
rate, inflation rate, Year O prices and escalation factors. Note that at the 
assumed 4% inflation rate, the true discount rate was calculated to be 5.77%. 
Also, 0i] prices in the base case studies were held at a constant $29/bbl due 
to the -4% oil price escalation. Natural gas, which would be used as a fuel for 
Steam generation, 1s produced and processed at NPR-3. Although this gas is 


not marketed, it was assumed that it could be sold for $3/MCF. This was 
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taken to be the true cost of gas. A current electricity price is reflected in 
the $.04/KWH [Schulte (1984)], and polymer prices were assumed to be 
$2.00/1b. Other specific costs are discussed in the following sections where 
appropriate. Appendix 10.2contains spreadsheets for economic base cases, as 


well as a discussion of formulas used. 
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‘Fig. 7.1. Projected Net Present Value and Capital Investments 
estimated for in-situ combustion in the Shannon formation. 


7.4 In-Situ Combustion 

The production history for in-situ combustion which was given in 
Fig. 6.2 was evaluated economically, and showed a NPV of $4.48 million for its 
approximately 8-year life. Figure 7.1 shows that economics were judged to be 
more favorable for the 2.5-acre base case with this scenario, yielding a NPV 
of $5.13 million, but with a Cl of $1.46 million. Major costs would be capital 
and operating costs for air compression, and the cost of pre-heating the 


reservoir in order to sustain combustion. Air compressor electricity 
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requirements were estimated from a correlation given by White and Moss 


(1983). 


in considering economic results for the in-situ combustion base 
case, it must be noted that the binary screening of Chapter 5 listed the 
process as having only marginal potential. Also, predictions were made with 
an untested model that predicted a high, consistent production rate for a 
considerable amount of time showing no decline, Dut terminating production 


abruptly, aS discussed in Chapter 6. 


7.4.1 Effect of Air Injection Rate 

Figure 7.2 shows the increase in profitability predicted for 
increased air injection rates. Note that NPV is significantly lower for 500 
MCFD than for the 850 MCFD base case, a difference of approximately $2 
million. However, an equal rise in injection rate above 850 MCFD to 1200 
MCFD caused predicted NPV torise only slightly. The implication for actual 
operation is that a high air injeciton rate is desirable, but that an economic 


optimum exists. Injectivity would also be a limiting factor. 


7.4.2 Effect of Oxygen-Enriched Air Injection 

Figure 7.3 shows the potential economic benefits to oxygen-enriched 
air injection. The 30% oxygen and 50% oxygen cases yield NPV's of $48 
million and $5.2 million, respectively. While higher capital and operating 
costs are required for oxygen production, air compression costs are reduced 


for equivalent amounts of oxygen injected. Further, capital and operating 
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costs have shown to be virtually the same at NPR-3 for the injection of 
oxygen-enriched air in any concentration [Zargarnian (1984)]. Therefore, this 
evaluation points out that oxygen-enriched air should have significant 


economic advantages for application to the Shannon formation. 


7.4.3 Effect of Equivalent Fuel Saturation 

Figure 7.4 illustrates the effect which equivalent fuel saturation 
was predicted to have on profitability. The approximately $4 million 
difference in NPV between Sor = 7.2% and Sor = 18.7 % shows that the 
definition of this property will be necessary before full-scale operations 


should be considered. 
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Fig. 7.5. Projected Net Present Value and capital investments 
for a polymer flood in the Shannon formation. 
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7.5 Polymer Flooding 
Polyrner flooding was found to have the best economic results of the 


three processes investigated, as shown inFig. 7.5. Predicted benefits of this 
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process were low capital and operating costs as well as high early 
production. [his better economic performance is In spite of the lower 
predicted ultimate recovery for polymer flooding compared with in-situ 
combustion and steamflooding. Figure 7.5 also shows that 2.5-acre spacing 


would produce Detter results than would 1Q-acre spacing. 


7.5.1 Effect of Polymer Concentration 

Results of the sensitivity analysis of injected polymer 
concentration are shown on Fig. 7.6. Predictions give little change for the 
three cases, with the lower 250 ppm concentration showing the better 
results. Apparently, this is due to the lower viscosity of injected fluid, and 
possibly an insufficient consideration for adverse mobility ratio problems in 


the application of Jones's predictive model. 


7.5.2 Effect of Polymer Slug Size 

As with polymer concentration, better economics are predicted for 
lower total polymer injection, as the 0.25 PV slug was predicted to provide 
the best profitability. In each of the three cases considered, polymer 
concentration was held constant at 700 ppm. As shown on Fig. 7.7, the 


minimum NPV was calculated for 40.5 PV slug. 


7.5.3 Effect of Oi! Viscosity 
The need for adequate definition of oil viscosity and its apparent 
areal variation in the Shannon formation is implied by Fig. 7.8. This plot 


shows that NPV is predicted to be $1 million higher for 7 cp oil than for 20 cp 
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oil. A more complete knowledge of reservoir oil viscosity would not only 
provide more accurate predictions, but it would also be a consideration in 


selection of reservoir zones when implementing polymer flooding. 


7.6 Steamflooding 

Figure 7.9 shows predicted economic results for steamflooding in 
the Shannon reservoir. Specific cost items considered are listed in Appendix 
B, the largest of which are for steam generation and water treatment. Cost 
estimates for steamflooding are probably the more realistic of the three 
cases considered, as more data were available. Figure 7.9 also illustrates 


that four 2.5-acre well patterns were predicted to give a larger NPV than did 


the single 1O-acre pattern. 
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7.6.1 Effect of Steam Injection Rate 
Figure 7.10 shows that as injectionrates are raised, profitability is 
predicted to increase for steamflooding. The projected increase in NPV is 


large between 300 and 500 BSPD, while the difference between injecting 500 
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BSPD and 700 BSPD is not as significant. This analysis suggests that 
injecting at as high a rate as possible should be optimal. Note that this may 
conflict with the assertions of Vogel (1984) and Miller (1984) discussed 


earlier. 


7.6.2 Effect of Surface Steam Quality 

The economic results given in Fig. 7.1 ishow that steamquality is an 
important parameter, predicting that a drop in surface steam quality from 
80% to 70% would cause a decline of close to $1 million in NPV for a 10-acre 
pattern. This suggests that larger capital investments in efficient equipment 


and insulation would be worthwhile. 


7.7 Process Comparison 

Figure 7.12 summarizes the results obtained from the economic 
analyses of the 10-acre base cases. It can be seen that polymer flooding had 
the highest predicted NPV, followed by in-situ combustion and steamflooding. 
The PVR, shown in Fig. 7.13, also suggests that polymer flooding would have 
the best profitability of the processes considered. However, the evaluation of 
EOR potential was not complete with only an identification of NPV and PVR, 
evaluating the variables considered thusfar. In addition to the physical 
parameters which were analyzed for their effect on process performance and 


profitability, economic uncertainties required sensitivity analysis. 


Four economic factors were considered in sensitivity analysis: 


discount rate, inflation, oi] price escalation, and escalation in fuels and/or 
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raw materials. The analyses presented in the following sections are more 
important than the actual singular values Slieieneporied In rig 7.12. It is 
pointed out by van Rensburg (1984) that these “profiles” provide 
decision-making tools since sO many economic parameters are subject to 


continual change. 
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Fig 712 Summary of Net Present Value and capital 
investrnent projections for |!O-acre base cases. 
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Fig 7.13 Present Value Ratios projected for the !0-acre base 
cases. 
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7.7.1 Effect of Discount Rate 

The NPV profile measuring the sensitivity of the three EOR 
Meecesses tO (rue discount rate is given in Fig. 7.14. Note that the three 
values of true discount rate considered correspond to T-Bill rates of 5%, 10%. 
and 15% at 4% inflation. All three processes exhibit a decline amounting to a 


difference of about #1 million in the range considered. 


7.7.2 Effect of Inflation 

Figure 7.15 is a NPV profile showing projected sensitivity to 
Inflation. This figure indicates that at low inflation rates profitability 
decreases, and that it increases with higher inflation rates. It is further 
illustrated that even with the -4% escalation of oil prices assumed for all 
cases, inflation’s effect upon operating costs would be insignificant when 
compared to rising oll revenues. In-situ combustion was predicted to have an 
equal NPV as polymer flooding at an inflation rate of approximately 6.5%, and 
ahigher NPV for higher inflation rates. This point reflects the oil price that 
would be necessary for predicted in-situ combustion performance to 
overcome its relatively high capital costs in order to match the economic 
performance of polymer flooding. This corresponds to oil prices rising to 
$32.81 in Year 5. Additionally, NPV for steamflooding rises with inflation, but 


at a slower rate than the other processes. 


7.7.3 Effect of Oil Price Escalation 
Virtually an identical reaction as was observed with inflation is 


shown in Fig. 7.16 for oil price escalation. It was felt that the highest 
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escalation that could be expected would be 2% above inflation, therefore the 
NPV profile shows values calculated at 4% inflation for -4%,0%, and 2% 
escalation. For reference, Year 5 oil prices for these three scenarios would 


be $29/bbl, $35.28/bbl, and $38.81 /bbi. 


7.7.4 Effect of Fuel/Materials Price Escalation 

Sensitivity analysis of fuel (natural gas and electricity) and raw 
materials (polymer) prices is given in Fig. 7.17. Escalation was varied from 
-4% to 4% at a constant average inflation rate of 4%. As can be seen from the 
NPV profiles, neither polymer flooding nor in-situ combustion showed a 
significant change in profitability across the range of values considered. 
Conversely, steamflooding was shown to be markedly affected by escalation in 
natural gas prices. It is significant to note not only the “worst case” of 4% 
escalation in natural gas but the -4% escalation as well. Under the 
een ae eions of this model, -4% natural gas price escalation simply means 


that natural gas would stay at $3/MCF throughout project life. 





8. CONCLUSIONS AND RECOMMENDATIONS 


Important decisions lay ahead with regard to improving the 
economic recovery of oi] from the Shannon formation at NPR-3. The Shannon 
reservoir represents a significant resource, estimated to contain over 170 
million barrels of oil which are unrecoverable by primary means. Before 
implementing any EOR scheme, reservoir flow behavior and physical 
properties must be defined, alternative processes identified, and pilot testing 
completed and analyzed. Results of these analyses must then be used to judge 
the potential profitability of the alternatives. A decision should then be made 
and acted upon regarding which EOR process and what optimum operating 


parameters should be implemented. 


_ This study has offered a set of preliminary production predictions 
or application of in-situ Combustion, polymer flooding, and steamflooding in 
the Shannon formation. Included was an analysis of the effect of variability 
in certain physical and operational parameters. Based upon the evaluation of 
the effects of these parameters, suggestions for optimum operating 
conditions were made. A screening of potential EOR processes was also 
reported in order to identify any other potentially applicable EOR technology. 
Finally, an economic analysis was performed which showed that polymer 
flooding exhibited the qreatest potential for profitability, followed by in-situ 
combustion and steamflooding. The economic analyses also showed the 


relative effects of several economic and physical variables upon profitability. 


I 1s 
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Folymer flooding was shown ta have the advantage of low capital 
Investment and high early production, arid smal) pattern size was shown to be 
advantageous for profitability. Anélyses indicated that slug size and polyrner 
concentration were not critical parameters. However, it is felt that a high 
polymer concentration would be required due to poor past waterfloading 
nerftormance in the reservoir, {t was also shawn that performance would be 


hindered in sreas where oil viscasity was as high as 20 cp. 


In-situ combustion showed goad potential based upon the predictive 
rode) employed. However, no consideration tor permeability variation was 
made. Additionally, the production decline which was predicted was 
determined ta be of questionable accuracy. Sensitivity analyses showed that 
bath high air injection retes and high oxygen concentrations would be 
heneficiel Also, 98 critical variable, equivalent fuel saturation, was 
identified es requiring further study. Application in small well patterns was 


found to be unprofitable due to high capital end operating casts. 


Fredictions for steamflooding performance indicated that this 
pracess has potential to be profitable in the Shannon farmatian. Small well 
spacings were alsa prajected to be advantageous. It was shown that 
steamtloading economics would be sensitive ta fuel prices, steam injection 
rate, end surface stear quality. This analysis suqgested that optimurn 


perating canditions would require high stesrn injection rates, and that 


( m) 


substantial capital investments in insulation snd efficient steam generation 


equipment would be profitable. 





120 


Limitations of this study concerned the predictive models used, the 
unknown character af the reservoir, and a lack of complete economic data. 
The investigation was also limited in scope in that it considered only three 
FUR processes. As was noted, two other processes, surfectant/palymer 
floading snd horizontal drilling, merit further investigation. To provide for s 
more complete treatment, the following recammendations should be acted 
upon: 

e The reservoir should be charscterized regarding flaw behavior 

e Critical variables identified in this study should be accurately 

defined 

@ Permeability variation should be determined, 6nd consideration 

for this parameter should be given to future predictions 

e More complete cost requirements and dats should be gathered 

e Rick analysis, weighing chances and outcornes of success and 

Tallure, should be performed 
e Uther well patterns and well spacings should be evaluated, taking 


into account the nature of the Shannon reservoir 


Estimates of production and economics sre offered, but the true 
value ot this work is that it provides 6 foundation for future study. Past 
work has Deen reviewed, the reservoir qualitatively described, potential 
processes identified, and predictions msde for three processes. In the near 
future, physical and economic dete will be improved, and predictions refined. 
But the results given offer an estimate of the relative effects of various 
parameters, and the methodalogy employed has established a framework upon 


which ta base future decisions. 





Symbol 
BHP 
BOPD 
BSPD 
el 
Fost, 


Costa 


EQOR 


io B 


9. NOMENCLATURE 


Description 
Brake horsepower, Np 


Barrels of oi] per day 

Barrels of cold water equivalent to steam per day 
Capital investment, $ 

Cost (or revenue) in future year n, $ 

Cost (or revenue) in Year 0, $ 

Average annual escalation in price, % 

Enhanced 011 recovery 

Future value of a cash flow, $ 

Nominal discount rate, 7% 

Average annual inflation rate, % 

Permeability to oil, md 

Permeability to water, md 

Mobility ratio, unitless 

Thousands of barrels 

Thousands of cubic feet per day 

Mass of combustion tube material burned, Ib,,/ft° 
Millions of barrels 

Mass of reservoir fuel burned, 1b,,/ft? 


Thousands of stock tank barrels 





M$ 
n 
Np 
NPR-3 
NPV 
OQIP 
ppm ca/Mg 
PV 


Million dollars 

Number of periods considered in cash flow analysis 
Cumulative oi] production, MSTB 

Naval Petroleurn Reserve No. 3 

Net Present Value, $ 

Original oi! in place 

Concentration of calcium and magnesium ions, ppm 
Pore volumes, fraction 

Present value of a cash flow, $ 

Present value ratio, unitless 

Oi] production rate, BOPD 

True discount rate, % 

Oil Saturation, % 

Equivalent fuel saturation, % 

Saturation of oi] left aS residual oi] to steam, % 
Stock tank barre} 

Water saturation, 7% 

Total dissolved solids, ppm 

Dykstra-Parsons permeability variation, unitless 
Water/oil ratio, STB/STB 

Mobility of oi], md/cp 

Mobilitu of water, md/cp 


Viscosity of oil, cp 





Ew 
Po 
Pw 


% 
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Viscosity of water; cp 

Density of oil, Ib,,/ft? 

Density of water, Ib,,/ftS 
Porosity of reservoir, fraction 


Porosity of combustion tube material, fraction 


| 
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10. APPENDIX 


10.1 Predictive Model Input and Output 
This appendix is composed of three sections: sample output for the 
three cornputer models used in this study are contained in sections 10.1.1 


fees, and 10.1.3. 
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10.1.1 In-Situ Combustion Model Input and Output 

Input data requirements and sample output from the in-situ 
combustion predictive model of Genrich (1984) are given in the following 
pages. FORTRAN source code exists in seven separate files which must be 
compiled at one time in order for the program torun. Input data is separated 
Into two files, one containing the required and optional input parameters, and 
the other giving an injection rate schedule. As can be seen from the listing of 
input variables, the predictive mode! will consider very limited or very 


extensive reservoir data. 





ee ae ee ee ee 





1 
EXTER THE FCLLCHIAG PEQUIPZD PARAMETERS 
Ol PESERVCIP COEF TH CFT) 
C2 RESEFVCIP NET PaY (rr) 
cz PCPCSITY CFRACTION} 
04 AESOLLTE FEP PE ABILITY Cro) 
cf . CIL E°AaVITY Carr} . 
O€  PESEPVOTP AFEA Cacee} 
07 CISTANCE INJECTION T0 FRODUCTIOA WELL CFT} 
09 INGUT APRAY LZENGTH {sj 
1 





THE FOLLOWING OPTIONAL PAPAMETERS CAK BE SET 
BY ENTERIAC TRE COF RESPONDING _NUMBER_ANO_ VALUE 





00 ERO CF CPTICAAL PAPARETER INPUT 


11 TAITIAL PESEPVOIR TEMFERATUPE 


gal cee | 
Iz SCTTOPW HOLE INJECTION TEMPERATURE CF} 
13 IAFITIAL PESEPVCIR PRESSURE CPsrIal 
14 BCTTCY HOLE PFESSURE FRPCOUCING ELL CPsSra} 
Ts TCTAL PAY CFT} 
Té PCCK DENSITY CLBM/CuUF I 


21__ IAITIAL_CIL_SETURETICN 








CEPACTION} 


22 IAITIAL GAS SETURET ION CFRACTION] 
22 _IAITTAL CESTCUAL WATES SATUPATION  [CFRACTION) 
24: IAITIAL FESICUAL GAS SATURATION CFRACTION) 
2€__ CO PESICUAL FUEL SAT. AFTEP COMBUSTION CFRACTION} 
27 ECGUIVALENT FUEL SATURATION CFRACTION) 
31. CIL VISCOSITY AT INITIAL TEMPERATURE tce} 
32. PCL OVFIGHT CF FUEL 
Ss SCLUTICN GAS=OIL RATIC CSCF STB) 
3*  HC=Gac GRAVITY C6/ce) 
3© HC-GAS MCL WEIGHT 
SE HC HEAS CPITICAL TEMFERA TURE C 2) 
37 HC=GAS CPITICAL PPESSURE CPsra} 
36 HC@eCAS ACENTRIC FACTOR 
ai MCL WEIGHT OF UNCONCENS ABLE GAS 
2 UACCNC. GAS CXYGEN BEIGHT FRACTION 
42 _UPCCNC. GAS CYYGEN MCL FRACTION _ 

— a@@ LACCAC. GAS CPITICAL TEPPER ATURE Cc R) 
ae _UARCORC. GAS _CRITIZAL_PRESSUPE Cesza] 


af URCCRC. Ges ACEATRIC FACTOR 


St PEACTION FATS PPE-EKOCKENTIAL CCHS 
$i ACTIVETION LAS PGY 


Te. CI1Z0 PST) 
CATL/LB POLI 
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“S$! _EyPCRERT FOP PARTIAL CXYGEN PRESSURE 

54 EXOCKERT FOF CONCEMTFATION OF OIL 

<< HEAT CF COMBUSTION CATU/Le™ O2 CONSUMED] 
SE MCL CF O2 TC BURN 1 MOL OF FUEL 

©) PCL CF wATEP PER MOL CF FUEL BURNED 

Poe CYYGE® CCNSLPPTION EFFICIENCT CFRacTION] 
S¢ @URAING EFFICZENCT CFRACTION] 








61 _KEWRC AT PESERVOI® TEMPEP ATURE 

















62 CrahGE CF KFLRC PER UAIT TERPS. CisF) 

62 K®GPC AT PESERVOTR TEPPFERATURE 

64 CranG® OF KPGPD PER UAIT TE PP. C1isF] 

6£ KF OCW AT RESE? VOIR TEMPERATURE 

66 CRAAKGE CF KOCCW PER UNIT TE RP. C1/F) 

67 EXPCAEAT FOR KR OW i 


—— er 


68 E>PCKEAT FCF KP CG 

69 EXPOKEAT FOP KRW AT RESEPVOIR TEMP, 
790 CrAAGE OF EXFDNENT FDR KRe WITK PRESSURE 
71 EYPCNEKT FOP KRG 





81 _ APSCLUTE _CRECISION FCP ITERATIVE CALCLLATIOKS 
82. EDTEACED DUTSUT CYESZ16) 
@2 wELy PaTmeP 





C2-SPOTeISNOLATED = 26? 
CS@EPOTZISOLATED = 30? 
C£-SPCT,ISOLATED = oe) 
CS-+SPCTSOEVELCPED = S.? 
CTSPOT,ISDLATED = G66) 


C7-SPDTsDEVEL OPED (i) 








C1-SPOT sMODIFIED = Be? 

CS@SPDTeISOLATED = 9.) 

(C9-SPOT sMODIFIED = 10- 

CSTIGGEREDREIKE = 120) 
91 PLR ALPRES ts} 











EATER INJECTION RATES OF AIR CSCF/D] AND _ WATER (ST8/D) 
TCCETHEP wiTH CORPESPONDIAG TIME CCAYS? 





TIFESTE® 23 ee ee 

CCPRUSTICN 20KE TEMFERATLURE SET TO T TPE CLI CLOSEST L LIMITING VALUE 
TIPESTEP 32 __ Pee. IAL 

‘CCPEUSTIDA ZOKE TE“FEPATURE $ SET TO TRE CLOSEST LIMITING VALUE 

TIPESTEP as 

CCPRUSTICA. ZOKE TE“PEPATLPE “Set TD TRE CLOSEST LIMITING VALUE 


Wezi 





SHANNON FIREFLOCO SASE CASE sl - 10 ACRE S-SPOT 


InPurT PARAMETER 
RESERVOIR OATA 3 
LENG TH j 663. 2. FY 
OEPTH $33 -4. FT 
NET PAY 7523 FY 
POROSITY 0198 

- INITZAL PRESSLRE T0203 PSIA 
INITIAL SATURATIONS ° 
WATER e220 
RESIQUAL SATURATI ONS 4 
WATER AY INIT « CONOe 25939 
EQUIVALENT FUEL e872 
BOTTOM HOLE C ONOITIONS - 
INE CTION FTEMPe 6503. F 
OIL PROPERTIES 3 
OL GRAVITY 3203 API 
INIT. VISCOSITY 18.9. cP 
HYCROCARBCN GAS PROPERTIES ¢ 
oRITe TEMPERA TURE SW 7 R 
MOLECULAR WEI GHT 1623 


UNCONCENSABLE GAS PROPERTIES 

CRIT. TEMPERA TLRE 2353-4 R 
- MOLECULAR WEI GnT 23 ed. 

ORYSEN WEIGHT FRACTe e251 


CORBUSTION - PARAMETERS ° 
RATIG OF STOICHIOMETRIC NUMBERS 
1.625 MOL O2/40OL FUEL 
OXIGEA CCNSUMPT. EFF 0880.. 
HEAT OF COMBUSTION 


REACTION KINETICS PARAMETERS ¢ 
PRE@EAP. CONSTANT 

ACTIVATION ENERGY 

EXPe PARTe G2 PRESSe e759 


RELe PERMEASILITY PARAMETERS ¢& 
INITe. VALUE OF KR wRO 0253. 


INITes WALUE OF RRGRO 1.20905 
INITe WALUE OF KROCY 14900. 
EXPONENT FORA KROw 3e3 A]. 
INITIAL Exh. FCR KRW 129098 
EXPONENT FOR KRG 20339 


MAX. AREAL SWEEP EFF e625 


Lis T 


-RUN 8 z 
AREA 10.9 ACRE 
ROCK OENSITY 124%. OL B/ CF 
TOTAL PAY 97.8 FY 
ABSe PERMEABILITY 200.9 Ao 
INITIAL TEMPERATURE $50 F 
Or 2 459 
GAS e530 
GAS AT INITe CONODe 3 
FUEL AFTER COMSUSTN 8 
PROOUCTION PRESSURE WOeS PSIA 
SOLUTN GAS=GIL RATIO S2e9CF/ BL 
MOL wEIEMY OF FUEL L3e 4 
GAS GAAVITY e554 
CRITe PRESSURE 677e1l PSIA 
ACENTRIC FACTOR ed BT 
CRI Te PRESSURE $8700 PSIA 
ACEMTRIC FACTOR e835 
OXYGEN MOL FRACTION e242 


IM REACTION EQUATION 
e723. MOL M207MOL FUEL 
BURNING EFFICIENCY 1-306 


366l.% STU/LBM O2 


743218865 170 PST 
3220005 ATUSLB AGL 
EXP. OIL CONCENTRATN 1.900 


CHANGE OF KARURO e882 1/F 
CHANGE OF KRGRO & 1./sF 
CHANGE OF KROCu 0 lf 
EXPONENT FOR KROG 20999 
CHANGE IN EXP. KR 8 


ITERATION PRECISION 01803 £-04 
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RUA & 


CUP. TIME 


Coars) 


91.350 
182.690 
273.90 
365-20 
436 -50 
$47.80 
639-10 
720240 
821.70 
912.00 

1904.30 
10 95.260 
1186.90 
1272.20 
1369.50 
14€00d0 
13 53219 
1643.40 
1734.70 
1826.00 
1917.30 
2008.60 
20 99~- 90 
2191.20 
2282-50 
2372-80 
2465210 
2336-40 
2647270 
2739009 


RUA 86 


CUPe TIME 


LOAYS; 


91.350 
182.60 


1 


1 


renews EC Ff £ 6 N 


AIR 


CscF/oar) 


© 3SS00E °06 
e8 SODE 00S 
e@SSO00E 05 
22500 £06 
ed SOOE 005 
2 8A500£°06 
e8S00E 06 
eB S00L 06 
2 8S00F 06 
e SSQ0E 06 
ed SOO0E 00S 
2 8500E 06 
2 8500F°06 
e8S500E 06 
2 8500F£ 06 
ed SOOE 905 
e8SO00E 06 
oe 8200E 006 
e8500F 06 
e 8500£ 06 
© 8300 6°06 
28 SQO0E °06 
2 8S00E°06 
eB SOOE 06 
e@fS00E 06 
2 8S00E°06 
2850006 
©8500 05 
eo 8500 E06 
eA SO0E 705 


SATER 


Cstavoar) 


QOQoeoocoocooao0oncaaqaonaoaocevtcaanaa eaacoeraococtoco © 


CUMULATIVE [AWJECTION 


AIR 


CSCF J 


07760608 
e 1332609 


WATER 


Cst8] 


oo 


Ore 


Csts/0ay) 


9 
i} 
0240 3Ee12 
e&3T1E 002 
09040L 32 
elLD23E e003 
eld S2Ee65 
01056E °03 
e19S4E°03 
eo lO SSE 05 
e1055E°)5 
0©1055€°05 
01056E°03 
010 56E e325 
010 560°05 
010 56E°05 
e1056€eR5 
08 T71LE 002 
01168Ee)5 
eld 79E 005 
oF 176E 002 
ollssE ods 
010 75E£ 0°05 
elD60E 005 
elD SZE°0S 
olf G1E 03 
elf S9E 005 
e1060E033 
e lI SIE 003 
el S3E°I3S 


WATER 


Csta/oar J 


eo l8F2E 005 
el STSE 003 
e2034E 003 
e1l672E 83 
elSSSE 003 
el4l0E 0 3 
eo L409E 003 
eo1l405E 033 
e140 KEN 3 
014046 033 
0140 56°05 
el 40SE 033 
014046 435 
0l404E eo) 3 
01i40S€°03 
eo 1l4Q05E€ 35 
el MO3E e335 
eilfGiEt od 3 
ell 4E e305 
elSTIE CIS 
elf SE -I15 
eld28E 03 
e1l3S7T5E°0 3 
el401F£ 935 
el 401E 05 
014926 0935 
el402E 33 
elfQ2Ee33 
0140 2E 035 
elsO2EN 5 


CUAULATIVE 


OLL 


CStaJ 


WATER 


Cs7s) 


0©1728E °05 
0 2383E °35 


wl- GAS 


CSCF/OAY) 


0192686005 
0 


PR OOUCT 


HO-GAS 


CSCF J 


eo ISG4E $06 
0 336 4E 006 


AIR 


CscF/ Oar) 


eS S86 006 
083966 °06 
04 450 £°06 
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365-23 
456.50 
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639.19 
7IL.4C 
823.790 
912.9090 
1004.50 
10 9£.09 
11 86-990 
1278.20 
1363-59 
1460.80 


1352.10. 


1643240 
1734.70 
1626.00 
1917.30 
4003460 
2099-90 
2191.20 
2282.50 
2373.30 
2465210 
2556.40 
2647270 
2739e593 
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10.1.2 Polymer Flood Model Input and Output 

The following pages contain output from a proprietary software 
program which uses Jones’ (1983) polumer flooding predictive model. Many 
options for the user of this program exist, both in Jones’ original source code 


and in tnis proprietary version. 
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TITLE INF QRKMATION 


SOANNON POLYMER FLOOD BASE CASE 
TIKACRE S-SPOT 


CASE CONTROLS 


RESERVOIR CALCULATION SETHOD 1 SwITc“ 
PROSUTTION RESULTS RESORT FREQUENCY 2 SaItTc4 
CALCULATION RESULTS OUTPUT EXTENT 1 SwITC4 
RESERVITR PROPERTIES 
PATTERN AREA 10.0 aCRES 
FORMATION OcPTH $59.9 Feet 
EPFECTIVE wELLSORE RADIUS 0.72: FEET 
LAYER TREATMENT METHOO 2 SWITCH 
RomaATISTICAL PERMEABILITY DISTRISUTIIN) 
DYKSTRA~PARSONS COEFFICIENT 0-20 UNITLESS 
HIGH PERMEABILITY LOCATION OPFION 1 SWITCH 


Meomiagt PERMSASILITY LAYER ON TOP) 
TarenNe SS OF RESERVOIR 1 O- D eee cy 





Sy 


PEJtO PRCPSRTLES ANDO SATURATIINS AT RESERVITR CONDITIONS 


TQRRESSCISLE WATER SATURATION 
Layr=2 ¢( 1) 32 
Maye € 2) 3 
LaYeR ¢€ 3) 3 
Parer € 6) = 
Lave2 ¢ §) 3 
Seto vse Jit Sa TURATIIN 
Maver € 1) = 
Lavi? ¢€ 2) 2 
Layes2 ¢€ 3) 3 
LATER ¢€ 4) 2 
LAYER? € 5) 2 


Ore VISCOSITY 

meas YI SSISITY 

OIL OZNSITY 

WATS? OINSITY 

OIL FIRMATIIN VOL UME FACTIR 
WATER FIRAATIIN VYILUME FACTIR 
GAS FIRSATION VOLUME FACTIR 
OLSSOLY=ED GAS OTL RaTlO (3P) 
INITIAL WATER SATURATION 
INITIAL GAS SaTyRaklicn 


ROIKX PROPERTIES 


Ueaeco 
0.490) 
9.409 
J. 469 
3.409 


WIRE ye 
0.285 
0.259 
Waco 
3.259 
10.1900 
1.9C0 
54.990 
62.400 
1.9190 
1.900 
10.009 
32.909 
0.520 
0.030 


F2ZACTION 
FRACTI2 

FRACTION 
FracCTIONn 
FRaCTION 


EQ2SGTiICN 
F2acTIon 
FRACTION 
FRACTION 
FRACTIGN 
CP 

C2? 
Tee eee h aa § 
(e576 JF Ti 
R3/S$7T4 
R3/ST3 
SCF/R4 
SCF/STS 
FQaCTION 
FRaCTION 


o3 





POROSITY 
PAYER € 1) = O5195 
PATER 2). = 0.193 
MAYER € 3) = Bale) = 
LAYER € 4) = 0.198 
LAYER (€ 5) = 9.198 
PERMEABILITY 
LAYER € 1) = (46702 
LAYER € 2) = 1335-765 
PAYER € 30 = S6acn0 
LAYER (€ 4) = 24.125 
Pave a G5) = ete’ 
CTHICKNESS AVERAGED PERMEASILITY) 200.000 
CAPILLARY PRESSURE METHOO S 
CCAPILLARY PRESSURE OEFAULT DATA USED) 
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10.1.3 Steamflood Model Input and Output 

Sample output for the steam flood predictive model given by 
Arima( 1984) is contained in the following pages. Additionally provided is an 
input data template used in the course of this study which describes the input 
variables for the model as listed in the FORTRAN source code. As with the 
two other models discussed, Arima provides various user options which are 
well-documented in the output as show herein. Figure 10.1 is provided for 


clarification of the variables used in wellbore heat loss calculations. 
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Fig JO. A diagram which illustrates the wellbore heat loss 
variables required in the steamflood predictive model given by 
Arima (1984). 





Steam Flood Predictive Model {Arima(1984)]Input Dats 


+ Well Constraint Index (0,1 ,2) 
+ «Residual Saturation Control Index (0,1 2,3) 


R1 TITLE 
R2 IWCON 


Initia] Reservoir Temperature, °F 

Initial Reservoir Pressure, psia 

Net Thickness, ft 

Gross Thickness, ft 

Permeability, md 

Porosity, fraction 

Initial Water Saturation, fraction 

Initial Gas Saturation, fraction 

Formation Thermal Conductivity, Btu/D ft °F 
S-Spot Pattern Area, acres 

Dip Angle of Reservoir, radians 

Specific Gravity of Oil (Water = 1.0) 
Specific Gravity of Gas (Air = 1.0) 

Oi] Yiscosity at Surface Temperature, cp 
Solution Gas/Qil Ratio, scf/std 

Residual Water Saturation, Cold Zones 1&2 
Residual Water Saturation, Condensate Zone 3 
Residual Water Saturation, Steam Zone 4 
Residual Oil to Water, Cold Zones 1&2 
Residusl 01] to Water, Condensate Zone 3 

= } Residual Oi) to Gas, Cold Zones 1&2 

= sil =Residual 01] to Gas, Steam Zone 4 


R6 DAYR = Time Steo Size, days 
| i 
4 





Relative Permesbility to Water at Sor 
Relative Permeability to 01! st Scw 
Relative Permeabdiiity to Gas at Sor 
Exponent for Relative Permeability to Water 
Exponent for Relative Permeability to Gas 
Exponant for Relative Permeability to 01) 
Exponent for Relative Permeability to Steam 
Depth to Formation Tog, ft 
Mean Annusl Surface Temperature, °F 
Outer Radius of Tubing Insulstion, ft 

Outer Radius of Injection Tubing, ft 

Outer Radius of Injection Well Casing, ft 
Outer Radius of Cement Sheath, Injector, ft 
Inner Radius of Production String, ft 
Number of Time Steps Used 

Debug Print Control Index 

Bottom Hole Steam Injection Pressure, psia 
Bottom Hole Production Pressure, psis 
Steam Injection Rate, BCWEPD 

Surface Injection Steam Quality, wgt fraction 
Injectton Well Skin Factor 
Production Well Skin Factor 
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10.2 Economic Analysis Model Input and Output 

Economic analyses were performed using Microsoft® Multiplan® on 
an Apple® Macintosh™. An example set of spreadsheets for each process is 
presented herein. in-situ combustion predictions are contained in section 
10.2.1, section 10.2.2 has analyses for polymer flooding, and steamflooding 


analyses are shown in section 10.2.3. 


Tole cocina process Investigated, five Spreadsheets were 
composed: 

e Capital Costs 

e Drilling Costs (Sub-Set of Capital Costs) 

® Operating Costs 

e Gross Revenues 

e Discounted Cash Flow Analysis 

Since limited data were available, the spreadsheets are relatively simple. 
However, the drilling costs spreadsheet lists data from wells drilled in 1984, 
and is a small example of the detail to which these tools may be extended. 
Additionally, each of the spreadsheets were linked together so that a change 
in one parameter would be reflected in other calculations. For example, if the 
days for drilling an injection well were to increase from two to three, one 
would merely enter "3" in the appropriate cell in the drilling costs 
Spreadsheet, and the net present value in the DCF analysis spreadsheet would 
change appropriately. A brief discussion of certain formulas and assumptions 


accompanies each section. 
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10.2.1 In-Situ Combustion Spreadsheet Model 
The following pages contain five spreadsheets which were used in 
the evaluation of economics for in-situ combustion in the Shannon formation 


at NPR-3. 


Capital costs were computed as shown on the “EOR Capital Costs 
Estimation Worksheet”. The number of injection and of production wells were 
specified and the “Injection Well Drilling Cost” and “Production Well Drilling 
Cost” were automatically read from the “Drilling and Completion Costs” 
spreadsheet. “Injection Well Cost” and “Production Well Cost" used in the 
Capital costs calculation were then found by multiplying the number of each 
type of well by the respective drilling cost. Other capital costs were simply 


entered into the spreadsheet and summed to arrive at the “Total Capital Cost’. 


: For the 1O-acre base case, it was assumed that two patterns could 
be served by one air compressor costing $240,000, housed in a building 
costing $30,000. Therefore, the “per Unit Area” cost for these items was 
taken as $120,000 and $15,000, respectively, for these items. Additionally, a 
$100,000 capital expense for steam pre-heating the reservoir and soaking the 
wellbore with linseed oil, in each injector, was assumed to be necessary. 
Also assumed as Capital expenses were gas-monitoring equipment, quench 
water systems, ignition equipment, and safety equipment. For the base case 
of four 2.5-acre patterns, the aforementioned costs were multiplied by a 
factor of 4. It was also assumed that the equivalent of one existing 


production well per 10 acres would require a $40,000 workover. 
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As shown on the “Gross Revenues Worksheet", gross revenue in each 
year was calculated by multiplying predicted production bu the oi! price. A 
Year O ol] price was specified, and &q. 7.5 applied to estimate oi] prices in 


future years, based on assumed inflation and oil price escalation. 


Annual operating costs were calculated as the sum of air 
compressor electricity cost, maintenance costs, labor costs, and engineering 
costs. Maintenance and labor costs were specified in Year 0 and found for 
subsequent years by applying Eq. 7.5. Engineering costs were entered for each 


year. 

Electricity costs were calculated by multiplying the annual 
electricity requirement in kilowatt-hours by the cost of electricity. The Year 
© electricity orice was specified and Eq. 7.5 applied for later years. The 
electricity requirement was found as follows: 


(Avg. Inj. Rate, MCFD/1000)(365)(24)(BHP/MMSCF (0.746 KW/BHP)............ Om 


where the BHP/MMSCF is taken from White and Moss (1983). 
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_EOR PROJECT pISeoUNTED CASH FLOW ANALYSIS WORKSHEET 
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EXPECTED AVERAGE ANNUAL Teil Bs NR ano hevaveeccclSsvelouesecsssesues 10.00 
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Op. Costs $0.00 ($102204. 11): ($:J05892.28) ($109727.97). ($1135717.09) 
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Net Cash Flow © ($351445.00): $156591.89 : $962438.72 - $1007642.03 . $994082.91 
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FV@ (1102 0/5 ae eee: eae $245269.77 . $1425241.66 | $1410789. 93° $1315889.25 | 
(OCF @ True OR . ($351445.00)° $148050.51 .  $860508.86  $851585.46 $794301.21 
ee FV @ 308 ceceeeeet., 3794372.676 : 14699183.44 : 9700090.619 : $6051724. 85 
ee er ecg Year? on Fae Year9 
Capital Costs $0.00: $0.00 2 $0.00. $0.00 $0.00 
Revenues $1122300.00 $11223500-00 a. 122300 00 $278400.00 S000 
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FV @TRUEDR : $1257068.34 : $1183395. 167 $1113826.91 | $155550. 24 > ($136187.70) 
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oe Op. Costs: ($141235.20): GROR @ S082 20M 
ee elceerteressorscesse tea NENG GROR @ SOF ARE essen 
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EOR PROJECT CAPITAL COSTS ESTIMATION WORKSHEET: IN-SITU COMBUSTION 


Be: ae a 
Specify No. of New Injection Wells per Unit Area! , MaccceiGoae socal se Gk hte ee ne ere \ 
Specify No, of New Production Wells per UNiE Are bc camatatenntntnsaeneseeQe 
INJECTION WELL DRILLING cost: re gS0445 00 
PRODUCTION WELL DRILLING COST ni lacnecusecersvsesstaaleccsseuvaeesveresersse, 902799. 00 
INJECTION WELL COSTS ni liccccecececcereceeveleaverceceeceveeeetselecavaveevavarerseese: 89044500 
PRODUCTION WELL BSUS © ll gfah ce $0.00 
Specify Cost of Builaings ber Unit Area: 90006 
Specify Cost of Air Compressors per Unit Area. $120000.00 
specify Add! Well Workovers/Stimulation of Existing Wells: =: —  $40000.00 
Specify Cost of Gas Monitoring Eqpt per Umit Area? $4000.00 
specify Cost of oe ogee tear Einseed Oil Soak: Se eR 28ers 8 olf dlies $100000 .00 
Bee i cgeeecycgecdscseece-cewepeossevelerecvevstedeesiesetstsosevesossveviscsevsveccsesssseesene oe 
PU USO CH WATEL SVStOT ec ccscssuevtecercervsscessesecacdesessssunsencseasevetonssecerarcassezveveeeo 0000.00 
PEO a esccresctecossesesseseceseducucncscnvsvssssecestecseuensarnestsassusteteseevsaesesessensenses $2000, 00. 
(3) Safety ap tame te'ss etc. : $10000.00 
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Drilling & Completion Costs for: IN-SITU COMSUSFION 


Sere 0 CCl cSt cet Ce CA ICIC® [picimcacnuc its ) CHCA nr erierye hr Mt tar patra sar yet Ta yet et pi ke a ey 


swe lt hw Oe OORT OOH OFT OHTA Eee er eee erererers=@ 


ee 


Cc 


CC eC Ce a | 


et OO Re ee Oe eer tere ere era eseerer revere ee ss eoeeerereeoerrereeeeeeer oor eeF oor se EEEE Eas 


Ce | 


i et 


CC 


Ce) 


Ce tC 


Ce 


see eer ee ee eeeeeereeeresreosrr reeset eoeeF OF EFEZr ZF OSS HOST HSH HH OHH TOF EO BEE HE HOHE SEED 


+ sae ee eeeeeeete weer enereeeeeeeeeeeeeseeeeeeeeteeeeseeesesreeseseeeeeeeses 


CC i Oe) 


Cr eC eC a Ce Co a 


CC 2 ee 


ea Cee sree eer eee eseseseesee SESS FFOSH ET EH THES HEHEHE HTH SHEHHEHHEH SH HOHE HEHE SHH HS HHHHHE HEHEHE HEHE 


ee OC CC ee 


sneer s Ceerceanreeereeeece ees Seer ee eee eteeeeeseeeeeeeseeseeeeeseseseeeeeeeeseneeseoeee ore 


Core mere ees eee ene Geter te eeeerenaeeeeeeeFeFEFSHeeFeeeeeeSeeeeeeeseeseeeeeseeseeererese 


Caer ee eeeeeeseeeeeeeeeee ee nee eee EeFeHFeeeeer esses eet ee eeeeeeseeeeeereeeseeeesesteorees 


CO nearer eat sree eeeteeeetroenes sae eet eeFe et eeeeeeeeeseeee eet eeeeeeeeeereeeeeeereeseeEse® 


ee ee) 


Ce Oe eo 


een - nr OO FOF H OHHH TERT OHHH HSH HH HHH OHHH HTH HHH HHH SESH HeHHEH HEHEHE HSH HHO SHE HEH OTH HEHEHE OE 


eve ann ween aoe ee ee eee EEO eee ee HOSES ESE HEHEHE ESE O SHEE SOS HHEHK EHO EBS OHH SEES OHH HH HOSE HEHE 


Con eneeaer eer ees eoreereer er eee FS e eee ee OFFS EeeeeeseeeeeeeHeeeer ee eeeHeteeeeeeereeeeeeee 


sens pee eae save eenerseeeeeseeeeeeeseeeeeeeseeeseeeeteneeeeeeeeeseeeeeeeeEeeeeeeeeeEeerees 


seen swe ee tt OOP OBOE ees mae n rasa rae seee eer sesoeeseereeseHeteeeeeeeeeeeeeeeeetesesEste 


Co 


eC 


eee eo ss een ees eesreeee eee neeaen sn steer eeeeeeor Hs eee t oR eeeeeFeeneeeereeerereeer eer eeeee 


eo eo te | 


i ee ee es 


ee ee ir) 


++ ween wove ae eeeereeererer er eeeseeeeeesereese 


ee ee ee ee ee ee 


154 


_ INJECTOR =. PRODUCER. 
ft Ae 
_ $1750.00 0 $1750.00 
a $1250.00.000 $1250.00. 
a 
81000.00 $1000.00, 
= $3800.00 $3800.00 
- $3500.00 $3500. 00 
2 $1500.00 | $1500.00 
- $1500.00 0 $1500.00 
> $2500.00... $2500.00 
7 $6300.00 $6300.00 
875000 $750.00, 
~ $4520.00 0 $4520.00 
oo $500,00 $500.00, 
a $510.00, 
= $5460.00 0... $5460.00 
$3000.00 $3000.00. 
MEO $1400.00 
860000 $600.00 
a ae $225.00, 
/$36085.00 20... $36085.00. 
19400-0020 $400.00 
91830000 $1630.00, 
PO Ricca $350.00 
S500 cate $1150.00, 
295000000 dae $500.00 
ee. $5000.00, 
Sa. en $9500.00 
es $3000.00. .....,,, $3000, 00 
ee Oe, $3200.00, 
| $5000. 00 
BS OE crs $2000.00 
$14380.000 $31730.00 
$50445,.00 $67795..00 
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Gross Revenues Worksheet: EOR Process Preaxtions 


Specify Present Oil Price (Year QO): ice ES 
Specify Expected Inflation Rate (fraction: 4.00% 
Specify. epee ted Escalation in 1 Oi Prices (+ or -) (fraction) ~4,00% 


ice: Ol cece Cs nN on eta nie OS ff Occ utelate | © acts | steer we =) ak On Cee ee eee GO Mac O CRD eRe Omer mn € 


Ce 


Specify OR Process: lee “ineSitu Combustion ec eeclevesivesiniociin: 
Specify Case: ‘10-Acre Base 


CC eC Ce Ce | 
Ce eC ee 
eC Ce | 


CC CC CC i ey 


i Mean We chce 2 MCA ek hn ee nae 
Giece = $29.00 Sec00 sco se00 
Production: - go2¢ 36839 p50 ee 
Revenue. $258796.00 . $1068331.00 $1117370.00 $1107800.00. 
Pee eres CVeanG =: SC Nesr7? =; = SYerr8 fl 
Oilerice: $29.00 - e200: $25.00. 29.005 
Production: | =» 38700: = 38700: 8700 900: 
Revenue. $1122300.00 $1122300.00 _ $1122300.00 $278400.00 
Year: =: _Yearo _: YearlO : Yeerll : Yearl2 ° 
Oil Pricee $79.00: $20100) $29.00 74° 
Production 0 0 0 0 
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EOR PROJECT OPERATING COSTS WORKSHEET: IN-SITU COMBUSTION 
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Rive, [ec oe eee Or ean 7s Years. ean vear '0 
850 850 os 251): ee 850 850 
1466445, 024 1466445.024  1466445.024 1466445.024  1466445.024 —1466445.024 
$0.05 $0.05 $0.05 $0.05 $0.06 $0.06 


SUeeaiutele (Gaia: smlels) | =|) 6 s--inlele eieeeleeleu =: 6isim cies 7 sn @ eum eeoeecececeene=- 661 888 0ecneceseeen= j- «5 ue eneecensvecceens as Lo wsmeeess meeiecee (| eae 
i ee i oe i i eC ee OC eC eC Ce CC oc ce 
CCC CeCe i CRON CCN Ce SORC CC eC ir  MCt cr eCC CC  Ce  r C c C  C  cec, Ci Cie eC, CC CCC a CC ce  ee C e eC e e i oc Ca 
i i eC ee i ee ke ee, Se i eC re eC ee ce rr 


 812166,53_°$12653.19  $13159.32 ° $13685,69  $14233.12 ° $14802.44 


$36499.50 - $37959.57 $39477.95  $41057.07 $42699.35 - $44407,33 

eS cictees tine pay te eT e tn cae epee cet he ars ee OPE eA Oc gp Dee eee ella eat ele | Saree URLS Ein hiklegee eeenGeccaeetounaton « 
_,,310000.00 - $10000.00 —-- $10000.00 -—- $10000.00 = $0000.00 == $10000.00 
ecco t nati: oR a qae ee Nagler ON rr 
Ee ne a rr 
INE Tg codecs eos Behe kash eS see oeceeceeacebesen. 
m$117805.77). ($122180.90). ($126667.62) ($131334.32) ($136187.70) (S141 

a ccs page esucte ni! aclbesbie Gee Sears alle RE 0 St oa Or eer 
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a ee ae ee 
PI rr cieeaecccccenantanetene 
a a ia oooecceecsceencecens. 
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na ee ei iecnnn olcveceeuvocconeveveececc 
core ta hts ese MONEE nM MS mR ea 
a I a Seca cv schvancensosace, 
III UU esl ccc ccccscuseeusccscern 
INU cero co obecccclecuncsaececcesceneees 
en eh occ lan cng eacudacldacuccoeetaveves 
a a Liveececsessecesetesene 
a ar eeeccivvceecsccccceccdecccnccecscusccescsee. 
a ec cciccaclecccsncausscaccecentons 
a a ovvbcieceneenccecsccestontves 
a i ono ooo Lecccccceeceesenssaceets 
I re orecce  Loccanccesecccseuseeee 
a ae ee oe ek be coccechecececcecccece veneene 
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10.2.2 Polymer Flooding Spreadsheet Model 

The following pages contain five spreadsheets which were used in 
the evaluation of economics for polymer flooding in the Shannon formation at 
NPR-3. 


Sapte costs were taken as tie sum of thue costs listed om the EOR 
Project Capital Costs Estimation Worksheet”. Costs for new wells were found 
as explained in Section 10.2.1, and equipment and building costs were also 
“Shared” as explained earlier. For this process, it was assumed that one 
$100,000 polymer mixing plant would serve 10 injection wells, for a per 
pattern cost of $10,000. It was also assumed that buildings costs would 


amount to $10,000 per pattern. 


Gross revenues were calculated just as in Section 10.2.1. Operating 
costs were taken as the sum of maintenance, labor, engineering, and injected 
polumer costs. These costs were found in the Same manner as was used in 
section 10.2.1, with the exception of polymer costs. Polymer costs were 
calculated by multiplying predicted injection, in Ib/yr, by the cost of polymer, 
in $/lb. A specified Year O polymer cost was adjusted for later years by Eq. 
a. 





EOR PROJECT DISCOUNTED CASH FLOW ANALYSIS WORKSHEET _ 
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cn ec ee ee ce ee ee eC ee i i i ee 
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EXPECTED AVE AGE ANNUAL T8Ut aN ee deo stesadiesceseses 10.002 
EXPECTED AVERAGE ANNUAL INFLATIONRATED 4.00% 
EXPECTED TRUE DISCOUNT RATE: I ce eigaet ica sucsevanas 3.77% 
eee essen suusegecestectasyeccscreaeciuccssutadsctecsslicecesccececslesecsvececsveaveses 10. 
FeO oe ccccccccoececctecocucccsusctecscsececelecticcecessececesvsteeeleceesseveacsaatccceaees 
ae etme meemtcag iy = Year? Year3 |: Yean4... 
Capital Costs : ($124045.00). $0.00 $0.00. $0.00 $0.00 
Revenues 2 $0.00 © $52925.00 . $2180800.00  $2488200.00 — $1238500.00_ 
Op. Costs $0.00 1S 55499.634) (379612.62) ($76652. 69). __ (872744 19) 
Net cash Flow. ($124085.00)  $19428.16 $2108187.38 “s241 1547.31" ee $1165555.81 
FV@TRUEOR : od  $52180.94 : $3298919.92 : $3571175.61 : $1651885.48 
OCF @True DR ($124045.00) _ $18365.61 - $1882687.83  $2038063.68 $931313.05 
De FV@ 50% ite ee 706035.5846  48251229.79 — 34822228.58 Lacie 
me... Year 5... Year6o 3 ec eae e Year 
Capital Costs © $0.00 2 $0.00: $0.00 2 $0000 $0.00_ 
ee. Revenues : $249400.00 : $118900.00 : $81200.00 |  $66700.00 . —_ $52200.00 
Z| O eee ve one ert) dt SOpone: 2823... $889710-09) 
‘Net Cash Flow * §180202037 0 $52587095 S1eszL49 $2700.74 ee ($11510,09) 
FY @ TRUE OR © $238657.21 © $65764.50 > $19301.82 $3022.47 ($12174.14) 
OCF @ True OR = $156201.25 : $37551.69 2 STIOIS.S1 $1724.92 : ($6947.75) 
i @ 508 $1034278.25 2 $190004.16 2 $37177.36 2 $3881.07 2 ($10421.64) 
ae POE Oe een 
Me OO i ve ceccecsecdeccesseaccscssscacveses: 
i. Revenues _$46400.00..~~~=~”~”SNFV@ SOR! S6agI91-42.— 
= Beeeeostsae. (905744.710; 7 FGROR@ tt FA ococcccseacecee. 
occ cece ceccceleccessececcresesessess PV, NPV & GROR @ SOZARE 
Net Cash Flow: ($17344.71) 0 USED FOR DCFROR STRAIGHT= oe 
Mey SC IRUE OR 2 (31754497) casescce eae ens ncl.van Rensburg) een 
DCF @ True OR: CoS LEIS I (es 
oa Net PRESENT WALES hae $4925910,77 a 
a. Ee UE OR 8870623, Clie ey 5 a es ae 
i Ia aa ere OO oa vec cecccleseccensacoeccecseceuse. 
ae GROWTH ROR @ TRUE PP es POR a 6 of Sucienecds: 
me: ane ee ooocavicesstecesatscccssccsssseseetece 
ae oc oecsecasccctecesssssetecevseceseeeee 
PRESENT VALUE RATIO_ = 39.71 AER 
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2 2 
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$3800.00 $3800.00 
$3500.00 $3500.00 
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Gross Revenues Worksheet ~ FOR PROCESS EVALUATION 
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Specify Present Oil Price (Year 0): SO ec ee es $29.00 | 
Specie, Expected Inflation Rate (fraction). oo cvvececsvccecceecesesslecseseeee: 4.00% 
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EOR PROJECT OPERATING COSTS WORKSHEET: POLYMER FLOOD 
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Specify Expected Annual Inflation ieee laeeevenese. 4.00% 
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10.2.3 Steamflood Spreadsheet Model 

The following pages contain five spreadsheets which were used in 
the evaluation of economics for steamflooding in the Shannon formation at 
NPR- 3. 


Capital costs were computed in the Same manner as was given in 
Section 10.2.1,and some costs were again assumed to be “shared” among well 
patterns. These capital costs included one 50 MMBTU/HR steam generator to 
serve 5.5 injection wells which would cost $340,000, for a per pattern cost 
of $60,000. Costs for buildings, water line costs, and water softening 
equipment and pump costs were taken to be $15,000, $20,000, and $27,000, 
respectively, per pattern. Gross revenues were calculated as in Section 10.2.1 
and 10.2.2. 


: Operating costs were calculated as the sum of costs for steam 
generation, water treatment and pumping, salt and chemicals, labor, and 
engineering. Except for steam generation costs, these costs were calculated 
from a Year O cost, adjusted for inflation and escalation by Eq. 7.5. Steam 


generation costs were taken to be: 


(Avg. Inj. Rate, BSPD)(365)(MMBTU/bb!)(Fuel Cost, $/MCF) - 
(Heating Value of Fuel, MMBTU/MCF)/(Generator Efficiency, fraction) ..... 102 


In Eq. 10.2, MMBTU/bb! is the enthalpy difference between feedwater at 14.7 
psia and 65°F, and 80% quality saturated steam at 500 psia. These enthalpy 
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values were found from steam tables given by Prats (1982), and converted 
from BTU/ib,, to BTU/bbI by multiplying by the factor of (350 1b,,/bbI) of 
water. The heating value of qas was taken to be 1.04 MMBTU/MCF in these 
calculations. Finally, the generator efficiency is expressed as a fraction and 


was taken to be 0.85 for all calculations. 
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EOR PROJECT DISCOUNTED CASH oN ANALYSIS WORKSHEET 
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1 JEOR PROJECT CAPITAL COSTS ESTIMATION WORKSHEET: STEAM FLOOD 
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